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PREFACE  TO  THE  SECOND 
EDITION 

This  Manual  is  intended  to  be  a  companion  volume 
to  the  “Manual  of  Chemistry,”  and  it  is  believed 
that  the  medical  student  will  find  in  the  two  books 
all  the  theoretical  and  practical  information  pre¬ 
scribed  by  any  Syllabus  for  the  First  Examination 
in  Physics  and  Chemistry. 

For  the  present  edition  the  text  has  been  re¬ 
vised  throughout  and  considerably  extended.  In 
the  new  matter  frequent  reference  has  been  made  to 
the  therapeutic  applications  of  radiant  heat,  light, 
and  electricity.  Simple  geometrical  proofs  of  the 
fundamental  formulae  relating  to  prisms  and  lenses 
have  been  added  to  supplement,  but  not  to  replace, 
their  experimental  verification.  Without  practice  in 
working  numerical  problems  and  in  performing  ex¬ 
periments,  a  knowledge  of  Physics  can  never  have 
the  necessary  precision  and  reality.  The  written 
exercises  now  added  to  each  chapter,  and  the 
numerous  practical  exercises  of  Part  VI.,  have  been 
carefully  selected  to  provide  this  practice. 

Further  Tables  have  been  added  to  the  Appendix, 
and  new  Illustrations  have  been  inserted  in  the 
text. 

H.  C.  H.  C 

January,  1918. 
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PART  I.--GENERAL  PHYSICS 

CHAPTER  I 

ELEMENTS  OF  KINEMATICS 

Distinction  between  Physical  and  Chemical  Properties  of 
Matter — Units  of  Measurement — Fundamental  Units 
— Units  of  Length,  Mass,  and  Time— Derived  Units — 
Units  of  Velocity  and  of  Acceleration — Palling  Bodies 
— Momentum — Various  Kinds  of  Motion — Angular 
Measurement — Exercises. 

Physical  and  cheitiical  properties  oL  matter, 

— The  sister  sciences  of  Chemistry  and  Physics 
are  so  closely  related  that  many  phenomena  are 
common  to  both.  In  the  introduction  to  a  com¬ 
panion  volume*  to  the  present  one.  Chemistry  -  is 
described  as  one  branch  of  the  larger  Science  of 
Matter.  Physics  is  another  imjDortant  branch  of  the 
same  science.  Either  science  will  be  seen  in  more 
correct  perspective  if  this  fact  is  realized  at  the  first. 

The  study  of  Chemistry  begins  with  the  recogni¬ 
tion  of  certain  chemical  elements.  We  have  not 
yet  recognized  a  corresponding  physical  element, 

“  A  Manual  of  ChemistiAu’’  By  Arthur  P.  Luff  and  Hugh 
C.  H.  Candy. 
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though  it  AYOuld_seem  more  logical  to  begin  our  atudy 
with  some  conception  of  the  kind.  The  chemical 
element  is  certainly  Iiot  a  physical  element,  but  has 
often  a  very  complex  physical  character,  as  the 
spectroscope  shows.  We  are,  however,  concerned 
now  with  the  state  and  condition  of  matter  and  with 
the  properties  that  belong  to  all  matter  in  a  greater 
or  less  degree,  rather  than  with  those  more  special 
properties  which  serve  to  distinguish  one  chemical 
element  from  another.  '  ’ 

Two  properties,  iveight  and  extension,  belong  to 
every  kind  of  matter  ;  other  properties  are  possessed 
only  by  certain  kinds  of  matter  and,  therefore,  help 
us  to  distinguish  one  kind  of  matter  from  another. 
Some  of  these  properties  can  be  recognized  in  the 
kind  of  matter  which  is  under  observation,  without 
making  any  change  in  the  comj^osition  of  the  matter. 
Specific  gravity  and  specific  heat  are  properties  of  this 
nature.  The  student  will  presently  learn  how  they 
are  demonstrated  and  measured,  and  will  observe  that 
the  experiments  involve  no  change  in  the  substance 
examined.  There  are,  however,  other  properties 
whose  presence  we  can  only  discover  or  demonstrate 
by  experiments  in  which  the  composition  of  the 
substance  is  changed.  The  metal  magnesium  pos¬ 
sesses  the  property,  when  heated  in  air  or  in  oxygen, 
of  emitting  a  white  light  of  dazzling  brilliance,  often 
employed  for  photograplhc  purposes.  In  the  act  of 
exhibiting  this  property  the  magnesium  is  converted 
into  a  white  powder,  magnesium  oxide  ;  this  sub¬ 
stance  differs  entirely  from  the  original  metal.  Many 
other  substances,  when  heated  in  air,  undergo  a 
similar  change  in  composition,  though  the  change  is 
not  often  attended  mth  such  brilliant  effects. 

The  study  of  all  changes  in  the  composition  of  any 
kind  of  matter  belongs  to  the  science  of  Chemistry, 
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and  all  properties  oCmatter  wliich  are  not  manifested 
without  the  assistance  of  such  changes  are,  therefore, 
regarded  as  chemical  properties.  The  property  of 
combining  with  oxygen  to  form  a  new  substance  is  a 
chemical  property.  Specific  heat  and  specific  gravity, 
on  the  other  hand,  are  ^physical  properties.  They  can 
be  recognized  and  even  measured  without  making  any 
change  in  the  composition  of  the  substance.  It  is 
true  that  a  substance  may  undergo  some  change  in 
regard  to  these  properties  while  remaining  unchanged 
in  composition.  Water,  for  instance,  is  known  to  us 
in  three  different  physical  states ;  in  the  solid  state 
as  ice,  in  the  liquid  state  as  water,  in  the  gaseous 
state  as  steam.  Ice,  water,  and  steam  differ  in 
specific  heat  and  in  specific  gravity,  but  all  consist 
of  the  same  kind  of  matter,  and  possess  exactly  the 
same  chemical  composition.  When  water  freezes  or 
boils  it  undergoes  a  physical  change  only.  The  study 
of  physical  changes  and  the  measurement  of  physical 
properties  may  be  said  to  constitute  the  whole 
science  of  Physics. 

Units  of  mcasiirciiiciit.— The  measurement  of 
properties — or  of  magnitudes  of  any  kind— -neces¬ 
sitates  the  ^selection  of  units  of  measurement.  The 
unit  selected  must  be  a  magnitude  of  the  same  kind 
as  those  which  it  is  intended  to  measure.  The  unit 
employed  to  measure  other  quantities  of  heat  must 
itself  be  some  definite  quantity  of  heat.  The  unit 
employed  to  measure  other  quantities  of  matter  must 
itself  be  some  definite  quantity  of  matter.  The  unit 
employed  to  measure  other  intervals  of  temperature 
must  itself  be  some  definite  interval  of  temperature. 

We  shall,  therefore,  require  as  many  different  units 
as  there  are  different  kinds  of  magnitudes  to  be 
measured.  These  units,  however,  need  not  all  be 
entirely  independent  of  each  other.  We  might,  for 
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instance,  choose  as  our  unit  quantity  of  heat  that 
amount  of  heat  which  would  raise  the  chosen  unit 
quantity  of  matter  through  the  chosen  unit  interval 
of  temperature.  The  heat  unit  would  thus  depend 
upon  the  other  two  units,  and  would  be  fixed  as  soon 
as  they  had  been  selected.  This  is  found  to  be  con¬ 
venient  in  practice,  and  units  are  accordingly  divided 
into  (1)  fundamental  units  and  (2)  derived  units. 

Fiiiidaiiieiit:il  imits. — There  are  three  inde¬ 
pendent  units,  Avhich  have  been  arbitrarily  chosen, 
and  differ  somewhat  in  different  systems.  These  are  : 

1.  The  unit  of  length. 

2.  The  unit  of  mass. 

3.  The  unit  of  time. 

1.  The  unit  of  length. — In  the  British  system  this 
is  commonly  called  a  foot.  The  yard  is  a  definite 
length,  and  has  been  defined  by  statute  to  be  “  the 
distance  between  the  centres  of  the  transverse  lines  in 
the  two  gold  plugs  in  the  bronze  bar  deposited  in  the 
office  of  the  Exchequer,  when  the  temperature  of  the 
bar  is  62°  F.”  The  foot  is  one-third  of  this  length,. 

In  the  C.Gr.S.  (centimetre-gramme-second)  system 
the  unit  of  length  is  a  centimetre.  The  metre  is  the 
length,  at  0°  C.,  of  a  certain  platinum  bar  which, 
with  duplicates,  is  preserved  in  Paris.  When  made 
it  Avas  believed  to  be  the  ten-millionth  part  of  a 
quadrant  of  the  meridian  of  longitude  which  passes 
through  Paris.  It  is  iioav  knoAvn  to  be  slightly  less 
than  this.  The  centimetre  is  the  hundredth  part  of 
the  length  of  the  standard  metre  bar.  For  purposes 
of  conversion  a  metre  may  be  regarded  as  equal  to 
39-37  inches,  and  a  foot  as  equal  to  30-48  centimetres. 
For  road  distances  in  France  the  kilometre,  a  thou¬ 
sand  metres,  is  commonly  used  ;  8  kilometres  are 
nearly  equal  to  5  miles. 


CHAP.  I]  KINEMATICS  5 

A  micron  or  micrometre  (=  metre)  is  a  small 
unit  employed  in  bacteriology  and  generally  in 
microscopic  measurements  ;  it  is  denoted  by  p. 

1  in.  =  25*4  mm.  =  25,400  p. 

The  micron  is  a  thousandth  of  a  millimetre,  and 
might  therefore  be  called  a  milli-millimetre.  In 
medical  literature  it  is  nnfortnnatelv  often  called  a 
micromillimetre,  and  this  error  is  the  canse  of  some 
confusion.  A  micromillimetre  is  really  the  millionth 
of  a  millimetre,  and  is  denoted  by  pp. 

A  tenth-metre  {=  q--  metre)  is  a  still  smaller  unit 

employed  in  the  expression  of  such  minute  distances 
as  the  wave  lengths  of  different  lights — 

1  micron  (p)  =  10,000  tenth-metres. 

1  pp  =  10  tenth-metres. 

The  mil  0-001  in.)  is  also  used. 

On  the  other  hand,  astronomical  distances  are 
often  expressed  in  terms  of  the  mean  radius  of  the 
Earth’s  orbit ;  this  “  astronomical  unit  ”  is  equal 
to  92,900,000  miles.  A  still  larger  unit — the  “  light 
year  ” — -is  sometimes  employed  ;  this  is  the  dis¬ 
tance  travelled  by  light  in  a  year. 

1  licjht  year  =■  63,000  astronomical  units. 

2.  The  unit  quantity  of  matter,  or  mass. — The 

British  unit  of  mass  is  a  standard  mass  of  platinum, 
also  preserved  in  the  Exchequer,  and  is  called  a 
'pound.  A  standard  mass  of  platinum  is  also  pre¬ 
served  in  Paris  and  is  called  a  kilografmne.  The 
C.Cf.S.  unit  of  mass  is  one-thousandth  part  of  this 
and  is  called  a  gramme.  It  was  once  believed  to  be 
the  mass  of  a  cubic  centimetre  of  water  at  4°  C. 
More  recent  determinations  have  shown  that  one 
gramme  of  this  standard  water  really  fills  1-000028  c.c. 
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Th  is  volume  is  conveniently  called  a  millilitre,  and 
is  denoted  by  the  abbreviation  mil.  A  litre  will 
therefore  be  the  volume  occupied  by  a  kilogramme 
of  water  at  4°  C.  and  will  be  1000-028  c.c.  The 
cubic  centimetre  (1  c.c.)  is  a  derived  unit  and  is 
simply  the  volume  of  a  cube  whose  edge  is  one 
centimetre  long ;  we  cannot  therefore  vary  this 
volume  without  changing  the  unit  of  length.  For 
purposes  of  conversion  a  kilogramme  may  be  re¬ 
garded  as  equal  to  2-2  lb.,  and  1  lb.  as  equal  to 
453-6  grm. 

Large  masses  are  sometimes  measured  in  terms  of 
the  metric  ton.  For  instance,  in  the  important  Re¬ 
port  on  the  Food  Supply  of  the  United  Kingdom,* 
the  quantities  of  cereals  and  other  foodstuffs  annually 
available  are  stated  in  metric  tons.  This  large  unit 
is  equal  to  1,000  kilogrammes  and  nearly  equal  to 
2,205  lb.  ;  the  English  ton  is  equal  to  2,240  lb. 

3.  The  unit  interval  of  time. — We  become  con¬ 


scious  of  the  lapse  of  time  by  noting  the  succession 
of  events,  and  the  sequence  of  day  and  night  was 
probably  the  earliest  clock.  The  solar  day,  or 
interval  from  noon  to  noon,  is  still  the  basis 
of  our  time  reckoning.  Owing,  however,  to  the 
position  and  motion  of  the  earth  relatively  to 
the  sun,  this  interval  is  not  always  of  the  same 
length  throughout  the  year.  We  therefore  use  in¬ 
stead  an  average  or  mean  solar  day  of  invariable 
length.  This  interval  is  divided  into  24  hours,  the 
hour  is  divided  into  60  minutes,  the  minute  into 


60  seconds. 


This  second,  the  24  X  60  X  60*^ 


of  a  mean  solar  day,  is  the  unit  of  time  adopted 
both  in  the  British  system  and  in  the  C.G.S.  system. 


*  Cd.  8421.  1917. 
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Dei*iv"e«l  — From  observation  of  different 

bodies  we  soon  learn  that  some  do  not  alter  their 
position  with  regard  to  surrounding  objects,  and 
these  we  describe  as  being  at  rest.  Others  evidently 
undergo  some  displacement  or  change  of  position 
with  regard  to  surrounding  objects,  and  these  we 
regard  as  being  in  motion.  We  use  the  terms  in  a 
relative  and  not  in  an  absolute  sense.  We  speak  of 
the  earth,  houses,  trees,  etc.,  as  at  rest,  although  we 
know  that  the  earth  and  the  bodies  on  it  are  moving, 
just  as  we  speak  of  a  passenger  as  sitting  still  in  an 
express  train.  For  practical  purposes  we  can  gener¬ 
ally  disregard  any  motion  that  is  common  to  all 
bodies  belonging  to  the  system  considered ;  we 
shall  only  have  to  consider,  as  a  rule,  problems 
in  which  one  of  the  bodies  is  in  motion  relatively 
to  the  others.  The  problem  will  be  most  simple  when 
we  are  concerned  not  with  the  cause  of  the  motion, 
or  with  the  mass  of  the  moving  body,  but  only  with 
the  motion  per  se.  When  this  is  the  case  the  prob¬ 
lem  belongs  to  kinematics  (fctrr/pora,  movements), 
a  limited  branch  of  kinetics  (p.  18),  and  we  only 
require  to  express — 

(a)  The  duration  of  the  motion.  This  is  some 
period  of  time  and,  therefore,  can  be  expressed 
in  terms  of  the  unit  of  time  already  selected. 

(h)  The  extent  of  the  motion  ;  that  is,  the  distance 
traversed  by  the  body  in  the  time.  This  is 
some  length  and,  therefore,  can  be  expressed  in 
terms  of  the  unit  of  length  already  selected. 

(c)  The  velocity  of  the  motion  ;  this  is  a  new  kind 
of  magnitude  and  we  require  a  new  unit  in 
which  to  measure  it. 

We  have  defined  motion  as  change  of  position  ; 
we  shall  now  define  velocity  as  the  time-rate  of 
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change  of  'position.  The  unit  of  velocity  w'A\  evidently 
be  the  velocity  of  a  mass  which  moves  the  unit  of 
length  in  the  unit  of  time,  and  is  thus  derived  from 
two  units  which  have  already  been  selected.  In  the 
British  system  the  unit  of  velocity  is  a  velocity  of 
1  foot  per  second.  The  C.G.S.  unit  is  a  velocity 
of  1  centimetre  per  second.  If  motion  continues 
for  t  units  of  time  and  in  this  period  the  body  changes 
its  position,  or  moves,  by  I  units  of  length,  then  it 
has  moved  at  an  average  rate  of  ^  ^  units  of  length 

per  unit  of  time,  and  has  an  average  velocity  of 

-  units  of  velocity. 

This  average  velocity  need  not  be  the  actual  velocity 
of  the  body,  which  may  move  more  slowly  at  some 
moments  and  more  rapidly  at  others.  A  train,  for 
instance,  which  stops  at  two  stations,  30  miles  apart, 
and  goes  from  one  to  the  other  in  an  hour,  has 
evidently  an  average  velocity  of  30  miles  per  hour 
(44  ft.  per  second).  At  the  commencement  of  the 
journey  the  actual  velocity  is  much  less  than  this, 
but  rapidly  increases  till  the  value  exceeds  the  aver¬ 
age,  and  then  diminishes  again  till  the  train  finally 
comes  to  rest  at  the  second  station.  We  must, 
therefore,  distinguish  between — ■ 

{a)  Uniform  velocity  ; 

{h)  Variable  velocity. 

(a)  (Jiiiform  velocity. — A  velocity  is  called  uni¬ 
form  when  it  undergoes  no  change  in  magnitude 
throughout  the  period  of  motion  considered  ;  in  this 
case  the  average  velocity  and  the  actual  velocity  have 
evidently  the  same  value.  If  that  value  be  denoted 
by  V,  we  know  that  the  body  moves  through  v  units 
of  length  in  each  unit  of  time,  and  therefore  through 
V  t  units  of  length  in  t  units  of  time  ;  this  distance, 
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the  total  space  traversed  by  the  nioving  body  in 
the  whole  period  under  consideration,  is  usually 
denoted  by  s,  and  is  evidently  equal  to  vt.  We  see, 
therefore,  that  when  a  body  is  moving  uniformly 
the  three  quantities  specified  on  p.  6  are  connected 
by  the  relation  s—vt  (1) 

And  from  this  equation,  when  any  two  of  the 
quantities  are  known,  we  can  find  the  value  of  the 
third. 

(b)  Variable  velocity. — When  a  velocity  varies,  it 
may  vary  regularly  or  irregularly  ;  we  shall  only  need 
to  consider  the  case  in  which  the  variation  is  regular 
or  uniform.  In  this  case  the  velocity  is  uniformly 
increased  or  diminished  by  the  same  amount  in  the 
same  time.  The  velocity  of  a  falling  body,  for 
instance,  regularly  increases  by  about  32  ft.  per 
second,  every  second.  Conversely,  the  velocity  of  a 
body  projected  vertically  upwards  from  the  earth 
is  uniformly  diminished  every  second  by  the  same 
amount.  This  change  in  the  velocity,  per  second, 
whether  increase  or  decrease,  is  called  acceleration  ; 
in  this  particular  case  it  is  due  to  gravity  and  is 
usually  denoted  by  We  may  define  acceleration 
in  general  as  the  time-rate  of  ehange  of  velocity.  If, 
during  an  interval  of  time,  C  the  velocity  of  a  body 
change  uniformly  from  an  initial  value,  v^^,  to  a 
final  value,  v^^,,  the  total  change  in  the  interval  is 
i’2  —  and  the  rate  of  change  per  unit  of  time  is 


therefore 


t’i 


This  is  the  acceleration  as  defined 


above  ;  it  is  usually  denoted  by  a.  The  definition, 
when  stated  in  symbols,  leads  to  the  equation  : 

a  =  . (2) 


t 


The  unit  of  acceleration  is  that  acceleration  which 
B* 
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changes  the  velocity  by  one  unit  of  velocity  in  one 
unit  of  time.  It  is  therefore  derived  from  units 
already  selected.  The  British  unit  changes  the 
velocity  by  1  foot  per  second,  in  one  second  ;  the 
G.G.S.  unit  by  1  cm.  per  second,  in  one  second. 
When  a  varying  velocity  is  subject  only  to  uniform 
acceleration,  it  is  equivalent,  during  the  period  con¬ 
sidered,  to  a  single  uniform  velocity  whose  value  is 
intermediate  between  the  minimum  and  maximum 
values  of  the  varying  velocity  ;  these  will  evidently 
be  the  values  at  the  beginning  and  end  of  the  period  : 
this  uniform,  average  velocity,  the  mean  of  the 
initial  and  final  velocities,  will  therefore  be  denoted 

by  '^1  Ij.  The  distance  s  actually  described  by  the 
2 

body  in  the  period  t  will  therefore  be  the  same  as 
if  it  moved  all  the  time  with  this  uniform  velocity. 
We  may  therefore  write  (see  p.  9  (1)  )  : 

o  —  +  ^2  / 


9 


(3) 


By  multiplication  we  may  easily  deduce  from 
equations  (2)  and  (3)  that — 

a  s  =  ~ — —  . (T) 


2 

Problems  which  relate  only  to  the  motion  of  a 
moving  body,  without  reference  to  its  mass  or  to 
the  cause  of  the  motion,  belong  to  the  science  of 
kinematics. 

The  equations  now  obtained  will  enable  the  student 
to  solve  any  problems  of  this  kind  with  which  he 
is  likely  to  meet.  Their  application  is  illustrated  by 
the  following  examples 

Ex.  1 :  A  bod}^  falls  to  the  ground  from  a  height  H  ; 
it  is  required  to  find  (t)  the  time  of  descent,  and  (vf) 
the  velocity  with  which  it  strikes  the  ground. 
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In  this  case  we  have  given- 


=  o 
a 
s 


(J 

H 


and  we  require  to  find  and  t.  Substituting  the  given 
values  in  equation  (4),  we  obtain — 

2 


g  H  = 


0 


2 

•••  H 

V2  =  V2g  H 

Substituting  now  in  equation  (2),  we  obtain- 


V2g  H  -  o 

g  = - ^  - 


t  = 


211 

g 


It  is  convenient  to  have  these  results  in  this  general 
form  for  reference ;  particular  values  can  be  readily 
derived  from  them  if  required.  For  instance,  if  H  is 
100  ft.  and  g  =  32,  we  find — 


80  ft.  per  second 


Vo 


t  =  2|  seconds 


so  that  a  body  falling  from  a  height  of  100  ft.  reaches 
the  earth  in  2J  sec.  and  strikes  it  with  a  velocity  of 
rather  more  than  54  miles  per  hour. 

Ex.  2 :  A  body  projected  vertically  upwards  just 
reaches  a  height  H  it  is  required  to  find  (Vj)  the  velocity 
of  projection,  and  {t)  the  time  of  ascent. 

In  this  case  we  have  given  — 

^2  =  O 

a  -  —g 
s  =  H 

and  proceeding  as  in  the  previous  example,  we  now  find — 


^1  = 


j2gH 
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We  thus  learn  (1)  that  the  velocity  which  must  be 
given  to  a  body  to  enable  it  to  reach  a  certain  height 
is  the  same  as  it  would  acquire  in  falling  to  the  earth 
from  that  same  height ;  and  (2)  that  the  times  of  ascent 
and  descent  are  the  same. 

Ex.  3  :  What  is  the  average  velocity  possessed  by  a 
falling  body  during  the  first  n  secs,  of  the  fall  ? 

Wo  know  =  0 

a  =  (J 

t  —  n 

from  equation  (2)  (p.  9)  — 

1  .  '^1  "t  ”^2  ^ 

average  velocity  m—- — ^  =  ~ 

« 

Ex.  4 :  \Vhat  is  the  average  velocity  possessed  by  a 
falling  body  during  the  sec.  of  the  fall  ? 

At  the  beginning  of  the  sec.  the  body  has  been 
falling  for  {n  —  1)  secs.,  and  has  thus  acquired  a 
velocity  {n  —  \)  g ;  at  the  end  of  the  sec. 

the  velocity  =  n  g,  as  hi  the  previous  example. 

the  average  velocity  for  this  second,  -1 — ^ 

{n-  l)g  +  ng  _  -  1)  g 

IS - ^  2  - 

I^Ioiiieiituiii.— The  quantity  of  motion,  or,  as 
it  is  now  called,  the  momentum,  of  a  moving  body 
depends  upon  the  mass  of  the  body  and  also  upon 
the  velocity  of  motion.  A  small  mass,  such  as  a 
shot,  though  moving  with  a  high  velocity,  will  have 
less  momentum  than  a  goods  train  has  when 
moving  quite  slowly.  The  unit  of  momentum  is  a 
derived  unit.  It  is  the  momentum  possessed  by  a 
unit  mass  moving  with  unit  velocity ;  m-  units  of 
mass  moving  with  v  units  of  velocity  will,  therefore, 
have  m  v  units  of  momentum. 

Various  kiaicls  of  Biiotioii. — We  have  hitherto 
supposed  the  motion  of  a  moving  body  to  be  one 
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of  translation.  In  tin’s  tlie  bodv  is  moved  as  a  whole 

t/ 

from  one  part  of  space  to  another,  but  difierent 
parts  or  points  of  the  body  do  not  alter  their  positions 
relatively  to  each  other ;  all  points  move  with  equal 
and  parallel  velocities.  A  rigid  body  sliding  down 
a  smooth  inclined  plane  illustrates  this  type  of 
motion.  The  motion  of  a  body  may,  however,  be 
restricted  owing  to  the 
fact  that  one  or  more 
points  of  the  body  are 
fixed  in  space  ;  a  door,  for 
instance,  is  only  free  to 
move  about  a  fixed  straight 
line  which  passes  through 
its  hinges ;  the  movement 
possible  is  one  of  rotation. 

Translation  and  rotation 
are  combined  in  the  motion 
of  a  point  in  the  tyre  of 
a  bicycle  which  is  being 
ridden  along  a  road.  The 
motion  may  also  be  re¬ 
stricted  to  one  of  oscilla¬ 
tion  about  a  mean  position.  B 

Imagine,  for  instance,  that 
a  rigid  rod  o  A  (Fig.  1) 
without  weight  is  sus¬ 
pended,  at  its  extremity 

o,  from  a  fixed  point,  and  that  a  heavy  particle  a 
fixed  to  the  other  extremity  is  slightly  displaced 
from  the  vertical  to  a  new  position  b.  When  re¬ 
leased,  the  particle  will  move  along  the  arc  b  a  with 
gradually  increasing  velocity  due  to  the  influence  of 
gravity.  After  passing  A,  however,  gravity  will  begin 
to  diminish  the  velocity  and  will  bring  the  particle 
to  rest  at  b'  (ab'==ab).  Continuing  to  act, 


Fig.  1.— Oscillation  about  a 
mean  position. 


u  C4ENERAL  PHYSICS  [part  i 

gravity  will  now  cause  the  particle  to  return  along 
b'  A  to  A,  which  it  will  reach  with  the  samo  maxi¬ 
mum  velocity  as  before,  and  will  be  carried  to  rest 
at  its  original  position  b.  The  double  journey,  or 
“  swing-swang,^’  is  called  a  cojTi'plete  vihfcitioTi,  and 
the  time  of  executing  it  is  called  the  period.  The 
length  of  the  arc  a  b,  or  A  b',  measures  the 
amplitude  of  the  vibration.  The  motion  of  a 
pendulum  is  a  familiar  instance  of  this  type.  The 
prong  of  a  tuning-fork  also  vibrates  when  struck. 
These  vibrations  are  communicated  to  particles 
of  air,  and  give  rise  to  waves  of  sound  (p.  194). 
This  kind  of  motion  owes  its  interest  and  import¬ 
ance  to  the  fact  that  it  is  intimately  related  to 
many  physical  phenomena,  as  will  be  seen  in  later 
chapters  of  this  book. 

Angular  iiieasiireiiieiit. — The  unit  of  angular 
measurement  commonly  employed  in  this  country 
is  an  angle  which  is  one-ninetieth  part  of  Euclid  s 
right  angle  (Bk.  I.,  Def.  10).  This  unit  angle  is 
called  a  degree,  V.  It  is  subdivided  into  60  minutes 
(60'),  and  each  minute  is  further  subdivided  into 
60  seconds  (60"). 

Angles  at  the  centre  of  a  circle  are  proportional 
to  the  arcs  upon  which  they  stand.  A  method  of 
measuring  angles  based  upon  this  fact  is  sometimes 
used,  and  is  known  as  the  method  of  circular  measure¬ 
ment.  For  this  purpose  a  unit  angle  is  chosen  wdiich, 
at  the  centre  of  a  circle,  stands  upon  an  arc  equal 
in  length  to  the  radius  of  the  circle.  This  unit  angle 
is  called  a  radian.  The  length  of  the  w^hole  circum¬ 
ference  of  a  circle  is  27r  times  the  length  of  the 
radius  ;  therefore  the  angle  subtended  by  the  whole 
circumference  must  equal  27r  radians.  But  the 
whole  circumference  subtends  four  right  angles, 
or  360°.  Therefore,  360°  =  27r  radians,  or  1° 
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TT 

180 


radians.  We  can,  therefore,  convert  the 


measure  of  an  angle  in  degrees  to  its  measure  in 


TT 


radians  by  multiplying  by  the  factor 

22 

TT  =  —  or,  more  nearly,  3 ’141 6 

It  will  be  convenient  here  to  define  certain  ratios 
of  an  angle  to  which  reference  is  often  made.  These 
are  really  the 
ratios  which  exist 
between  the 
lengths  of  the 
three  sides  of  a 
right-angled  tri¬ 
angle  to  which  the 
particular  angle 
also  belongs.  If, 
for  instance,  bag 
(Fig.  2)  be  tlie 
angle,  we  obtain 
the  required  right- 
angled  triangle  by 
drawing  from  any 
point  p  on  A  B  a 
to  A  C. 


Fig.  2.- 


-Eatios  of  an  angle. 


straight  line  p  m  at  right  angles 


If  p  moves  up  or  down  a  b  the  actual  lengths  of 
the  sides  p  m,  a  m,  a  p  alter,  but  always  in  the  same 
proportion,  so  that  the  ratios  between  them  remain 
unchanged  so  long  as  the  angle  bag  does  not  alter. 
They  are,  therefore,  functions  of  this  angle  and  serve 
to  identify  it. 


p  M 


The  ratio. — -  or 


A  p 


leiigtli  of  side  0])posite  . 

the  angle  IS  Called  the  Sine 

length  of  side  o]iposite 
the  right  angle. 


of  the  angle ; 
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The  ratio 

A  p 


or 


length  of  side  adjacent  •  n  i 

to  the  angle.  IS  Callecl  the  CO- 

length  of  side  opposite  sine  of  the  acgle  ; 
the  right  angle.  ^ 


P  M 

53  —  or 
A  M 


length  of  side  opposite 
_ the  angle _ 

length  of  side  adjac*ent 

to  the  angle 


is  called  the  tan¬ 
gent  of  the  angle. 


That  side  of  a  right-angled  triangle  which  is  oppo¬ 
site  the  right  angle  is  called  the  liyjjote^iuse. 


Fig.  3. — Comparison  of  B  and  sin  6. 


VVbpi  we  are  concerned  only  with  small  angles  we  shall 
sometimes  assume  that  the  circular  measure  of  the  angle 
is  numerically  equal  to  its  sine ;  the  following  argument 
shows  to  what  exteut  the  assumption  is  justified:  — 

Let  6  radians  be  the  circular  measure  of  the  angle 
AOc(Fig.  3); 

then  0  = 

O  A 

,  .  A  B 

and  sin  =  — ^ 

o  A 

These  fractions  will  be  equal  when 

arc  AC  =  A  B 
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This  is  not  quite  the  case  until  a  coincides  with  c  and 
the  angle  a  o  c  is  zero,  but  it  is  nearly  true  as  long  as  d 
is  a  very  small  angle,  as  the  values  in  Table  V  (p.  432) 
show. 

It  will  be  convenient  to  notice  here  that  when  a  moves 
round  to  d  (Fig.  3),  the  angle  aob  becomes  90°  and  at 
the  same  time  ae  becomes  do,  so  that  then 

A  B  DO  ^ 

O  A  ~  O  A  ~  ' 

.-.  sin  90°  =  1 

It  is  evident  also  that  the  sine  of  a  i  angle  can  never 
be  greater  than  unity. 

Exercises 

].  What  is  the  average  velocity  possessed  by  a  body 
falling  from  rest,  (a)  during  the  third  second  of  the  fall,  (b) 
during  the  first  three  seconds  of  the  fall  ?  Through  what 
distance  will  it  fall  in  each  period  ? 

2.  In  a  system  of  units  in  whicli  the  unit  of  length  is  a 
yard  and  the  unit  of  time  is  a  minute,  state  in  words  (a)  the 
unit  of  velocity,  (h)  the  unit  of  acceleration.  Express  the 
numerical  values  of  these  units  in  terms  of  the  British  foot- 
socond  units. 

3.  A  bullet  passes  in  succession  through  three  screens  at 
distances  of  1,000  ft.  apart.  It  is  found  by  an  electrical 
method  that  the  time  taken  by  the  bullet  to  pass  from  the 
first  screen  to  the  second  is  0-8  sec.,  and  from  the  second  to 
the  third  is  0-86  sec.  Assuming  that  the  motion  of  the 
bullet  is  uniformly  retarded,  find  the  value  of  the  acceleration. 
[First  31. B.] 


(For  Answers,  see  p.  388.) 
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— When  our  observation  extends  beyond 
the  motion  itself,  and  we  begin  to  inquire  into  the 
cause  of  the  motion,  the  problem  is  no  longer  one  of 
kinematics  but  belongs  to  kinetics  [klvnrLKOQ,  putting 
in  motion),  a  larger  division  of  the  comprehensive 
science  of  Dynamics  force).  This  science 

of  dynamics  investigates  the  laws  which  regulate  the 
action  of  Forces,  whether  this  results  in  motion  or 
not.  Force  always  tends  to  produce  motion,  but  it 
may  not  always  succeed,  because  the  action  of  one 
force  mav,  as  we  shall  see  later,  be  exactly  counter¬ 
acted  by" the  effect  of  another.  When,  as  the  result 
of  this  balance  of  forces,  the  body  remains  at  'icst, 
the  problem  belongs  to  the  branch  science  of  Statics 
UraTiKOQ,  causing  to  stand  still).  The  relation  of 
the  parent  science  to  its  various  subdivisions  is  there¬ 
fore  ;  — 

Dynamics 


Kinetics 
(Chap.  II.) 


Statics 
(Chap.  III.) 


Kinematics 

(Chap.  I.) 
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Sir  Isaac  Newton  (b.  1642,  d.  1727)  clearly  recog¬ 
nized  tliat  tlie  cause  of  motion  is  force.  His  famous 
“  Laws  of  Motion  ”  were  first  published,  in  Latin, 

in  1687.  The  first  law  of  motion  may  be 

literally  translated  thus  : — 

Every  body  continues  in  its  state  of  rest,  or  of 
uniform  motion  in  a  straight  line,  unless  it  is 
compelled  to  change  that  state  by  impressed 
force. 

This  statement  recognizes  that  matter  possesses 
a  property,  inertia,  which  tends  to  preserve  the 
status  quo  by  opposing,  as  it  were,  a  passive  resist¬ 
ance  to  any  disturbance  of  this. 

Newton  regarded  the  statement  as  an  axiom  :  (T) 
if  a  body  be  at  rest  it  will  remain  at  rest  unless  some 
force  acts  on  it  ;  if  in  motion,  the  velocity  of  motion 
must  continue  uniform  unless  some  force  causes  it 
to  increase  or  diminish  ;  (2)  the  direction  of  motion 
must  continue  unchanged,  and  therefore  rectilinear, 
unless  some,  force  cause  it  to  be  diverted.  This 
law,  therefore,  supplies  us  with  a  definition  of  force 
which  is  often  expressed  as  follows  : — 

Force  is  that  which  produces,  or  tends  to  pro¬ 
duce,  motion  or  change  of  motion. 

The  second  law  of  motion  mav  be  translated 
as  follows  : — 

The  change  of  motion  (produced)  is  proportional 
to  the  impressed  force  producing  it,  and 
pursues  the  direction  in  which  that  force  is 
impressed. 

This  law  leads  to  a  method  of  measuring  forces. 
When  we  change  the  velocity  with  which  a  mass  is 
moving,  we  also  change  its  momentum  (p.  12).  The 
change  in  the  momentum  will  serve  to  measure  the 
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force.  It  seems  obvious  that  whatever  change  in 
the  momentum  is  produced  by  a  force,  twice  the 
force  will  produce  twice  the  change,  and  three  times 
the  force  will  produce  three  times  the  change,  and 
so  on.  In  other  words,  the  change  is  directly  pro¬ 
portional  to  the  force.  For  a  given  mass,  m,  change 
of  momentum,  m  v,  means  change  of  velocity ;  the 
change  of  velocity  per  unit  of  time  is  acceleration,  a ; 
the  change  of  momentum  per  unit  of  twie  is  therefore 
m  a.  This  will,  therefore,  be  proportional  to  the 
acting  force  (F)  ;  so  that — 


F  =  km  a 

where  k  is  some  constant.  The  most  convenient 
value  for  this  constant  to  have  is  unity.  In  order 
that  it  may  have  this  value  we  must  choose  for  our 
unit  of  force  that  force  which  will  generate  unit 
change  of  momentum  in  unit  time,  or,  in  other  words, 
will  give  to  unit  mass  unit  acceleration.  If  this 
choice  is  made,  then  F=I,  m~l,  a=l,  and 
therefore  k  — 

On  this  condition  the  British  (absolute)  unit  of 
force  will  be  the  force  which  \^ill  give  to  a  mass  of 
1  lb.  an  acceleration  of  1  ft.  per  second,  in  I  sec. 
Now  we  Imow  that  its  own  weight,  1  lb.  wt.,  gives 
to  1  lb.  mass  an  acceleration  of  g  ft.  per  second, 
in  1  sec,,  .-.  a  force  equal  to  I  lb.  wt.  is  evidently 
equal  to  g  absolute  units  of  force.  In  fact,  the 

British  absolute  unit  of  force  must  be  -  of  1  lb.  wt., 

g 

or  equal  to  the  weight  of  half  an  ounce  (about).  This 
unit  is  called  a  poiiiitlal. 

Similarly,  to  make  the  constant  k  equal  to  unity 
in  the  C.G.S.  system,  we  must  choose  for  unit  of 
force  that  force  which  will  give  to  a  mass  of  I  grm. 
an  acceleration  of  I  cm.  per  second,  in  I  see.  Since 
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the  weight  of  1  grm.  gives  to  the  mass  of  1  grm. 
an  acceleration  of  981  cm.  per  second,  in  1  sec.,  we 
see  that  the  unit  force  required  is  of  the  1  grm. 
weight ;  this  force,  hoAvever,  is  not 
called  a  gramal,  it  is  called  a  dyne. 

The  poundal  and  dyne  are  often 
called  absolute  units  of  force,  while 
the  lb.  wt.  and  the  grm.  wt.  are 
known  as  gravitation  units  of  force. 

It  is  only  when  we  employ  absolute 
units  that  we  have  =  1,  and  there-  Po 
fore 

F  —  M  a . (5) 

If  we  employ  gravitation  units,  we 

q 

must  put  Ic  =  but  the  student  D 

will  find  it  more  convenient  to  work 
in  absolute  units  and  employ  the 
simpler  equation  (5). 

This  equation  is  of  great  im¬ 
portance.  We  have  deduced  it  di¬ 
rectly  from  Newton’s  second  law  of 
motion,  of  which  it  may  be  regarded  ^ 
as  a  symbolic  expression.  It  may 
however,  be  experimentally  verified 
by  the  use  of  Atwood’s  machine 
(Fig.  4).  The  apparatus  consists 
essentially  of  a  grooved  wheel  a, 
above  a  vertical  pillar  B.  A  light  4— Atwood’s 

string,  to  the  ends  of  which  two  machine, 

equal  masses,  p,  p,  are  attached, 
passes  round  a.  A  ring  d  and  a  platform  c  can 
be  fixed  at  any  desired  point  on  b.  A  series  of 
brass  riders,  e,  of  various  weights  is  provided  ; 
they  are  so  made  that  they  will  rest  on  p  when  in 
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motion,  but  will  be  removed  by  the  ring  when  p 
in  its  descent  passes  through  d. 

Experiments  may  be  performed  with  the  appa¬ 
ratus  as  follows  : — -  !  n  •  i 

One  of  the  masses  p  is  raised  to  E  and  is  there 
placed  on  a  drop  platform,  or  otherwise  detained, 
so  that  it  can  be  instantly  but  smoothly  released 
at  a  given  signal.  On  this  mass  rests  a  rider  R. 
This  additional  weight  will  cause  p,  when  released, 
to  descend  with  a  velocity  which  will  continually 
increase  until  r  is  removed.  This  happens^  when 
p  passes  through  d.  At  this  moment  the  time  of 
motion  from  e  to  f  must  be  noted  by  a  stop-watch  ; 
let  this  be  G  seconds.  Throughout  this  time  the 
weight  of  R  has  been  employed  in  accelerating  the 

velocity  of  P.  A 

We  must  now  measure  the  final  velocity  acquired 

by  p  at  the  end  of  this  time.  To  do  so,  we  must 
note  carefully  the  time,  G’  which  elapses  between 
the  removal  of  R  and  the  impact  of  p  upon  the  plat¬ 
form  c  fixed  at  a  selected  point  h.  There  is  usually 
a  graduated  scale  on  b  which  enables  us  to^  read  the 
distance  f  h  at  once.  Suppose  that  this  distance^  is 
I  feet.  Then  we  know  that  p  has  acquired  a  velocity 


of  lit.  per  G  sec.,  and  therefore  of  -  ft.  per  second. 

We  know,  too,  that  this  velocity  has  been  generated 
by  the  weight  of  R  acting  on  a  total  mass  of  2p  -j-  R 
for  seconds  ;  therefore  the  velocity  generated  per 
^  \  I 

second,  that  is  the  acceleration,  is  —  of 

t\  to 


I 


If  the  experiment  is  so  arranged  that  each  interval 
of  time  is  exactly  one  second,  then  evidently  a  =  I, 
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and  the  calculation  is  simplified  ;  this  is  often  recom¬ 
mended,  but  the  student  will  derive  more  benefit 
from  less  restricted  experiments.  In  each  experiment 
the  impressed  force,  E,  is  the  known  weight  of  the 
added  rider  ;  the  mass  moved,  M,  is  the  known  sum 
of  the  two  masses  p,  p  and  the  mass  of  the  rider, 
and  the  acceleration,  a,  is  determined  by  the  ex¬ 
periment  as  described.  We  have,  therefore,  all  the 
data  required  for  the  verification  of  the  important 
equation  (5). 

It  is  convenient  in  practice  to  perform  one  series 
of  experiments  in  which  the  value  of  M  remains 
constant  while  that  of  F  is  doubled,  trebled,  etc., 
and  then  to  perform  another  series  of  experiments 
in  which  the  value  of  F  remains  constant  while  that 
of  M  is  doubled,  trebled,  etc.  ;  this  is  easily  arranged 
by  adjusting  the  values  of  p  and  r  :  thus,  in  the 
first  series,  the  new  values,  p'  and  r',  must  be  so 
chosen  that  we  still  have 

2p'  +  r'  =  M  =  2p  +  r 
but  r'  =  2r 
.*.  2p'  =  2p  -  r 


In  the  second  series  the  new  values  will  be  deter¬ 
mined  by  the  equations — • 

2p'  +  r'  =  2  M  =  4p  +  2r 
and  r'  —  R 
.-.  2p'  =  4p  +  r 


The  first  series  of  experiments  will  show  that  the 
acceleration  varies  directly  as  the  force,  or 

a  az  F  when  M  is  constant. 
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The  second  series  will  show  that  the  acceleration 
varies  inversely  as  the  mass,  or 

a  oc  when  F  is  constant. 

IVl 

Therefore,  when  both  F  and  M  vary, 

F 
3/ 

jr  F  oc  ill  a 

And  this  is  equivalent  to 

F  =  k  X  M  a 

where  k  is  some  constant  factor  which,  by  suitable 
choice  of  the  absolute  unit  of  force  already  defined 
— the  poundal  or  the  dyne — is  made  equal  to  unity, 
so  that  the  relation  becomes 

F  -  Ma 

By  combining  this  equation  with  some  of  those 
already  obtained,  we  arrive  at  some  interesting  and 
useful  results.  Thus,  from  (2)  and  (5)  we  at  once 
find  . 


F 


M  Vo  —  M  Vi 


(6) 


Or,  in  other  words,  force  is  measured  by  the  change 
of  momentum  it  produces  per  unit  of  time  in  the 
mass  on  which  it  acts. 

Again,  from  (4)  and  (5)  combined,  we  deduce — 

F  s  =  Mas 

r.  Fs^i  Mv,/  -  ..  ..  (7) 

Tlie  expression  |  M  represents  the  kinetic  energy 
of  a  mass,  31,  moving  with  velocity  v.  \  M  v-^^  is 
evidently  the  kinetic  energy  at  the  beginning  of  the 
path  5,  and  4  31  is  the  kinetic  energy  at  the  end 
of  the  path.  The  expression  on  the  right-hand  side 
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of  (7)  is  therefore  the  change  in  kinetic  energy  which 
has  taken  place  while  the  mass  has  travelled  the 
distance  s.  Dividing  both  sides  of  the  equation  by 
s,  we  see  that 

F 


J  M  -  -I  M 


s 


or,  in  words,  force  is  measured  by  the  change  of  the 
kinetic  energy  it  produces  in  a  mass,  per  unit  of 
space  traversed. 

Energy  anil  worlc.— The  various  forms  of 
energy  associated  with  matter  are  sometimes  divided 
into  two  classes.  One  class  includes  all  forms  in 
which  the  energy  is  due  to  motion  of  matter.  This 
energy  is  called  kinetic  energy  and  was  referred  to 
in  the  previous  section.  It  may,  however,  reside  in 
a  mass  apparently  at  rest,  for  every  visible  mass  is 
really  composed  of  a  number  of  invisible  masses,  or 
molecules,  and  these  are  in  motion  even  when  the 
whole  mass  appears  to  us  to  be  still.  This  internal 
molecular  motion  is  also  a  form  of  kinetic  energy. 
The  most  familiar  manifestation  of  it  to  our  senses 
is  heat 

All  energy  other  than  kinetic  is  frequently  described 
as  potential.  Energy  of  this  kind  is  due  to  the 
position  or  arrangement  of  the  matter  with  which 
it  is  associated.  Thus,  every  mass  which  occupies  a 
position  vertically  above  the  suriace  of  the  earth 
has  potential  energy.  It  is  attracted  towards  the 
earth  by  the  force  of  gravity  ;  if  allowed  to  fall 
it  loses  this  potential  energy  but  acquires  kinetic 
energy.  The  energy  which  resides  in  a  loaded  gun 
is  potential  ;  it  is  due  to  the  arrangement  of  the 
materials  of  the  charge,  and  their  position  relatively 
to  the  parts  of  the  gun.  When  fired,  much  of  this 
potential  energy  is  converted  into  the  kinetic  energy 
of  the  projected  bullet,  but  some  is  transferred  as 
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heat  to  the  gun  and  the  products  of  explosion.  The 
energy  in  a  wound-up  watch-spring  is  potential, 
and  continues  to  be  gradually  exchanged  for  kinetic 
as  long  as  the  watch  is  working  ;  owing,  however,  to 
the  friction  inherent  in  machinerv  in  motion,  some  of 
the  converted  energy  is  again  dissipated  as  heat. 
Zinc  and  dilute  sulphuric  acid,  when  not  in  contact, 
possess  potential  energy  by  virtue  of  their  ability 
to  react  chemically  with  each  other  when  contact 
takes  place ;  this  chemical  energy  may,  by  the 
assistance  of  suitable  supplementary  apparatus,  be 
expended  in  producing  a  current  of  electricity ; 
this  electrical  energy  may  be  converted  into  the 
kinetic  energy  associated  with  heat,  light,  or 
mechanical  motion ;  or  it  may  be  employed  to 
decompose  a  chemical  compound  and  thus  restore 
the  potential  energy  which  the  separate  constituents 
possessed  before  combination  took  place.  These 
illustrations  sufficiently  indicate,  but  by  no  means 
exhaust,  the  many  transformations  which  this 
mysterious  principle  called  Energy  can  undergo. 

We  can  neither  create  nor  destroy  energy ;  the 
same  is  true  of  matter ;  but  energy  is  not  matter. 
It  is  alwajT-s  associated  with  matter,  of  which  it  is, 
as  it  were,  the  informing  spirit.  Matter  devoid  of 
energy  would  be  the  most  complete  conception  of 
a  corpse.  The  statement  that  energy  can  neither 
be  created  nor  destroyed  is  known  as  the  law  of 
conservation  of  energy.  Although  in  accordance  with 
this  law  the  transformations  of  energy  to  which 
we  have  referred  lead  to  no  absolute  loss  of  energy, 
yet  we  rarely  obtain  the  full  exchange  value  to 
which  the  law  entitles  us.  Owing  to  imperfections 
inherent  in  the  mechanism  by  which  the  transform¬ 
ation  is  effected, '“the  initial  energy  is  not  transformed 
entirely  into  the  kind  required.  Some  is  often 
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unavoidably  transformed  into  heat,  as  in  some  of 
the  instances  already  quoted.  In  this  way  energy, 
although  not  really  destroyed,  may  be  so  distributed 
as  to  cease  to  be  effective  for  purposes  useful  to  us. 
The  medium  by  which  the  exchange,  or  trans¬ 
formation,  of  energy  is  effected  is  work.  When 
a  weight  is  raised  by  muscular  effort,  work  is  said 
to  be  done  against  gravity ;  the  energy  of  the 
muscular  tissue,  previously  derived  from  the  con¬ 
sumption  and  assimilation  of  food,  is  transformed 
into  the  potential  energy  gained  by  the  weight. 
If  a  weight.  If,  be  thus  raised  to  a  vertical  height,  h, 
the  work  done  against  gravity  is  said  to  be’  If  h, 
and  the  potential  energy  gained  is  valued  in  the 
same  terms.  More  generally,  if  work  is  done  by  or 
against  a  force,  E,  while  the  point  of  application 
of  the  force  moves  through  a  distance,  s,  then  the 
value  of  the  work  is  F  s.  This  expression  forms 
one  side  of  equation  (7)  on  p.  24,  which,  therefore, 
states  that  the  work  done  by  the  motive  force  is 
equivalent  to  the  kinetic  energy  produced.  The 
body  falling  from  rest  at  a  height,  h,  is  really  a 
particular  illustration  of  this.  The  initial  potential 
energy  is  If  h  or  m  g  h.  The  final  kinetic  energy 
at  the  earth’s  surface  is  J  m  The  work  done  by 
gravity  transforms  one  into  the  other,  and  we  have 

m  g  h  = 

whence  =  2g  h,  the  same  result  as  we  obtained 
before  (p.  11)  by  a  different  method.  The  unit  of 
work  is  a  derived  unit ;  it  is  the  work  done  by,  or 
against,  the  unit  force,  while  its  point  of  application 
moves  tlirough  the  unit  length.  The  British  abso¬ 
lute  unit  is  a  foot -poundal.  The  British  gravi¬ 
tation  unit  is  a  foot-pound.  The  C.Gr.S.  absolute 
unit,  however,  is  not  called  a  centimetre-dyne  but  an 
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Fig.  5.  —  To  illus- 


W 

4 


erg;.  The  joule,  =  107  ergs,  is  a  practical  unit  to 
which  reference  will  frequently  be  made. 

It  is  sometimes  convenient  to  express  not  merely 
the  total  quantity  of  work  per¬ 
formed,  but  the  tifYie  Tcite  of  woTking, 
or  power  of  the  agent.  A  prac¬ 
tical  unit  often  employed  for  thk 
purpose  is  a  “  Jiorse-'poiver  ;  it  is 
equal  to  550  foot-pounds  per 
second.  A  convenient  ‘practical 
unit  in  the  C.G.S.  system  is  the 

trate  pressure.  ^ 

second.  It  may  be  useful  to  add  here 
that  1  horse-power  =  746  watts,  and 
that  1  watt  =  0-00134  horse-power. 

The  third  law  of  aiotioii.  — 

Newton’s  third  law  is  as  follows  : — 

“  To  every  action  there  is  an  equal 
and  contrary  reaction.” 

In  its  earlier  and  more  limited  appli¬ 
cations  this  law  recognized  the  dual 
aspect  of  force.  When  the  finger  presses 
the  table,  the  finger  is  also  pressed  by 
the  table  (Fig.  5).  At  the  point  of  con¬ 
tact  a  force,  p,  acts  from  the  finger 
towards  the  table,  and  an  equal  counter- 
force  reacts  from  the  table  towards  the  Fig. 
finger.  To  this  dual  stress  we  give 
the  name  pressure. 

Similarly,  when  a  weight  is  suspended  by  a  string 
from  a  nail,  it  is  obvious  that  the  reaction  of  the 
nail  must  exert  an  equal  and  opposite  force.  In 
this  case  (Fig.  6)  the  two  forces  act/roni  each  other. 
To  this  dual  stress,  which  keeps  the  string  taut, 
we  give  the  name  tension. 


w 

G.  —  To 
illustrate 
tension. 
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Ill  its  widest  iuterpretatioii  the  third  law  of  motion 
is  a  great  generalization  as  far-reaching  and  important 
as  that  of  the  conservation  of  energy  (p.  26) ;  by  the 
operation  of  NcAvton’s  law  the  physical  and  chemical 
equilibrium  of  every  material  system  is  maintained 
or  recovered  ;  many  more  recent  laws,  e.g.  the  law 
of  mass  action,  Lenz’s  law  (p.  373),  etc.,  may  really 
be  regarded  as  particular  examples  of  this  great 
general  law.* 

C»ra|>hic  representation  of  forces  and 
velocities.— A  straight  line  may  be  drawn  (1)  of 
any  length,  and  (2)  in  any  direction.  We  can, 
therefore,  employ  straight  lines  to  represent  graphic¬ 
ally,  in  magnitude  and  direction,  forces,  velocities,  etc. 
We  shall  often  find  it  convenient  to  do  so. 

It  will  be  convenient  to  tabulate  here  for  reference 
the  units  hitherto  discussed 


Unit  of 

British 

G.G.S. 

See  p. 

Length 

1  ft. 

1  cm. 

4 

Mass  . 

1  lb. 

1  grm. 

5 

Time  . 

1  sec. 

1  sec. 

6 

V  elocity 

1  ft.  per  sec. 

1  cm.  per  sec. 

8 

Acceleration 

1  ft.  per  sec. 

1  cm.  per  sec. 

per  sec. 

per  sec. 

10 

Force 

1  poundal 

1  dyne 

20 

Work 

1  ft. -poundal 

1  erg. 

27 

Energy 

— 

— 

27 

Momentum 

1  Ib.-ft.  sec. 

1  grm. -cm.  sec. 

12 

Power 

1  h.p. 

1  watt 

) 

(  -  550  ft.  lb. 

{ =  10^  ergs 

\2S 

per  sec.) 

per  sec.) 

) 

Exercises 

1.  Two  bodies  are  in  motion.  The  mass  of  one  is  10  lb. 
and  its  motion  is  accelerated  at  the  rate  of  12  ft.  per  sec. 

See  “Manual  of  Chemistry”  (Luff  and  Candy). 
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per  sec.;  for  the  other  the  corresponding  values  are  4,000 
grni.  and  400  cm.  per  sec.  per  sec.  Find  the  force  acting  on 
each. 

2.  A  body,  whose  mass  is  12  lb.,  has  an  acceleration  of 

4  in.  per  sec.  per  sec.  What  is  the  magnitude  of  the  force 
acting  upon  the  body  ?  [First  M.B.^ 

3.  The  weights  on  an  Atwood  machine  move  100  cm.  in 

5  sec.,  starting  from  rest.  One  weight  weighs  1  grm.  more 
than  the  other.  Given  g~  981,  calculate  the  mass  of  each 
weight.  [lhid.'\ 

4.  A  body  has  kinetic  energy  amounting  to  10,000  ergs, 
and  a  momentum  of  500  grm.-cm.  per  sec.  Find  its  velocity 
and  its  mass.  [IhidV] 

5.  A.  bullet  moving  at  the  rate  of  1,000  ft.  per  sec.  is  stopped 
after  penetrating  3  ft.  into  a  sandbank.  Assuming  the 
motion  to  be  regularly  retarded  during  the  short  time  of 
its  stoppage,  find  (1)  how  long  it  takes,  (2)  how  great  the 
retarding  force  is  compared  with  the  weight  of  the  bullet. 

(3.  A  stream  of  water  from  a  lire  hose  is  delivered  at  the 
rate  of  5  lb.  per  sec.,  and  strikes  a  wall  perpendicularly  at  a 
speed  of  60  ft.  per  sec.  What  is  the  momentum  of  the  water 
arriving  per  sec.,  and  what  is  its  energy  ?  Assuming  the 
water  not  to  rebound,  what  force  does  the  water  exert  on 
the  wall  ?  In  what  units  are  the  results  stated  ? 

(For  Answers,  see  p.  388.) 


CHAPTER  Hi 
STATICS 

Centre  of  Gravity — Equilibrium — Composition  and  Reso¬ 
lution  of  Forces  and  Velocities — Friction — Meclianical 
Powers — Parallel  Forces — Exercises. 

C'cntre  ol' A  force  is  fully  determined 
when  we  know  (1)  its  magnitude,  (2)  its  direction, 
(3)  its  point 
of  application. 

We  have  al¬ 
ready  repre¬ 
sented  the 
weight  of  a 
body  as  a  force 
of  definite 
mag  nit  ii  d.e 
IF,  acting  in  a 
vertical  direc¬ 
tion  ;  we  shall 
now  show  that 
this  force  may 
be  said  to  be 
applied  at  a 
certain  point 
called  the 
centre  of  gravity  c 

of  the  body.  illustrate  the  centre  of  gravity. 

Let  the  tri¬ 
angular  board  a  b  c  (Pig.  7)  be  freely  suspended 
at  the  angular  point  A  by  string  attached  to 
the  nail  r.  The  board  can  only  remain  at  rest 
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when  w  acts  in  the  vertical  direction  P  A  M.  Mark 
the  line  a  m  on  the  board.  Let  the  board  be  now 
suspended  at  b  (Fig.  8).  It  will  come  to  rest  when 
p  B  N  is  vertical.  Mark  the  line  bn;  bn  and 
A  M  intersect  in  the  point  G,  which  indicates  the 

position  of  the  cen~ 

,  I  tre  of  gravity.  The 

1  line  of  action  of 

w  always  passes 
through  this  point, 
which  may  there¬ 
fore  always  be  re¬ 
garded  as  its  point 
of  application. 

E  q  iiilib  1*118111. 
— The  positions  of 
rest  assumed  by  the 
board  in  Figs.  7  and 
8  are  positions  of 
stable  equilibrium, 
because  if  the 
board  be  displaced 
from  either  of  these 
positions  the  forces 
tend  to  restore  it. 
c  Tins  is  always  the 
case  when  G  is 
vertically  below  the 
point  of  suspension 
p.  It  would  be  possible  for  the  board  to  be  in 
equilibrium  if  resting  on  a  nail  passing  loosely 
through  A  with  g  vertically  above  a.  Such  a  position, 
however,  would  be  one  of  unstable  equilibrium, 
since  if  displaced  from  it  the  board  would  not 
return  to  this  position,  but  would  depart  still  farther 
from  it,  and  assume  after  a  time  the  stable  position 


Fig.  8. 


-To  illustrate  the  centre  of 
gravity. 
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in  which  g  is  vertically  below  a.  When  the  point 
of  suspension  is  neither  above  nor  below  but  coin¬ 
cides  with  the  centre  of  gravity,  the  position  is  one 
of  neutral  equilibrium.  When  displaced  from  this 
position  the  board  remains  equally  in  equilibrium  in 
its  new  position. 

€oiiipo!§itioii  iftiicl  rei^oiiitioii  of  forco^  and 

veJocities.—When  two  forces  act  on  a  body,  we 
can  often  find  a  single  force  which  will  produce  the 
same  effect  on  the  body  as  the  two  forces  com¬ 
bined.  This  force  is  called  the  resultant,  and  the 
two  forces  are  called  its  components.  A  force 
which  will  completely  counteract  the  two  forces  is 
sometimes  called 

the  anti-resultant.  ^ 

When  the  two 
components,  p,  q, 
act  in  the  same 
straight^  line  and 
in  the  same  direc¬ 
tion  the  resultant 
R  is  evidently 
equal  to  their  sum  p  +  Q,  and  must  act  in  the  same 
direction.  When  the  two  components  act  in  opposite 
directions,  r  is  equal  to  their  difference  p  —  Q, 
and  acts  in  the  direction  of  the  greater.  Sup¬ 
pose,  however,  that  the  directions  of  p  and  q 
are  inclined  to  each  other  and  meet  at  a  point  o 
(Fig.  9).  The  resultant  may  then  be  found  by  the 
following  construction  :  On  the  direction  of  p 
measure  a  length  o  a,  to  represent  the  magnitude 
of  p  on  some  convenient  scale  ;  then  o  A  represents 
the  force  p,  both  in  magnitude  and  direction. 
Similarly,  measure  o  b  to  represent  Q  in  magui- 
tude  and  direction.  Complete  the  parallelogram 
o  A  c  B.  Tlie  diagonal  o  p  of  this  parallelogram  will 
c 
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represent  the  resultant  R  in  magnitude  and  direction. 
This  proposition  is  known  as  the  Parallelogram  of 
Forces.  It  may  be  verified  experimentally  with  the 
apparatus  shown  in  Fig.  10,  and  this  experiment 
is  described  later  (p.  405). 

If  o  c  (Fig.  9)  represents  the  resultant  of  p  and  Q, 
then  c  o  will  represent  their  anti-resultant ;  also, 
A  c  is  parallel  and  equal  to  o  b,  and  therefore  can 

also  represent 
Q  in  magnitude 
and  direction  ; 
hence  three 
forces  which  are 
in  equilibrium 
(p,  Q,  and  their 
anti  -  resultant) 
are  represented 
in  magnitude 
and  direction 
by  the  three 
sides  of  a  tri- 
angle  OAC, 
taken  in  order 
one  way  round, 

Fig.  10. — To  illustrate  parallelogram  of  O  A,  A  C,  CO. 

forces.  This  is  true  of 

any  three  con¬ 
current  forces  in  equihbrium.  The  statement  forms 
part  of  the  proposition  known  as  the  Triangle  of 
Forces.  The  converse  is  also  true  and  completes 
the  proposition  :  if  three  concurrent  forces  can  be 
so  represented  they  are  in  equilibrium. 

Just  as  two  forces  may  be  compounded  into  one 
resultant  force,  so  a  single  force  may  be  resolved 
into  two  components.  In  this  case  we  draw  the 
line  o  c  (Fig.  9)  to  represent  the  single  force  in 
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magnitude  and  direction  ;  we  then  draw  the  two 
adjacent  sides,  o  a,  o  b,  in  any  desired  directions, 
and  finally  complete  the  parallelogram  by  drawing 
through  c  one  straight  line  parallel  to  A  o,  meeting 
o  B  in  B,  and  another  straight  line  parallel  to  B  o, 
meeting  o  a  in  a.  The  points  a  and  b  are  thus  fixed, 
and  the  required  components  are  represented  by 
o  A  and  o  b. 

The  resolution  and  composition  of  velocities  is 
elfected  in  exactly  the  same  way  ;  the  parallelogram 
and  triangle  propositions,  in  fact,  apply  to  all  directed 
cjuantities,  or  vectors,  as  they  are  usually  called. 

Since  many  different  parallelograms  may  be  con¬ 
structed  with  the  same  diagonal  o  c,  it  is  clear 
that  the  same  force,  or  velocity,  may  be  resolved 
into  two  components  in  a  variety  of  ways.  Of  these 
the  one  most  useful  in  practice  is  when  the  two 
components  are  at  right  angles  to  each  other.  This 
is  illustrated  in  the  following  discussion  of  friction. 

Friction.— When  a  mass  remains  at  rest  on 
the  surface  AC  of  an  inclined  plane  (Fig.  11),  the 
reaction,  E,  of  the  plane  must  be  equal  and  opposite 
to  w,  the  weight  of  the  mass,  which  acts  vertically 
downwards.  Eesolving  as  in  the  figure,  we  see  that  r 
is  really  the  resultant  of  two  components— n,  normal, 
or  perpendicular  to  the  plane,  and  r,  tangential,  or 
along  the  plane.  The  component  f  is  due  to  friction, 
and  tends  to  prevent  the  mass  from  slipping.  So 
long  as  the  mass  remains  at  rest,  the  three  forces 
F,  N,  and  w  must  be  in  equilibrium,  and  they  are 
therefore  proportional  respectively  to  the  sides 
OH,  H  L,  L  o  of  the  triangle  o  l  h  (see  Triangle  of 
Forces,  p.  34).  But  this  triangle  is  equiangular, 
and  therefore  similar,  to  the  plane  triangle  a  b  c  ; 
for  the  alternate  angles  l  o  H  and  cab  are  equal, 
and  also  the  right  angles  o  h  l  and  a  b  c  ;  therefore. 
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the  third  angles  o  l  h  and  a  c  b  are  equal ;  the  sides, 
therefore,  which  subtend  the  equal  angles  must 
stand  in  the  same  ratio,  that  is — 

0I1:H  L:LO::AB:BC:GA 


Hence  ^ ^  ^ —  height  of  plane 
®  iV  H  L  B  C  base  of  plane 
This  ratio  (p.  16)  is  the  tangent  of  the  angle  A  c  b. 


If  the  inclination  of  the  plane  be  such  that  the 

mass  is  just  on  the  point  of  slipping,  the  ratio  ~ 

is  called  the^coefficient  of  friction  for  the  two  sur¬ 
faces  in  contact.  We  can,  therefore,  determine  it 
experimentally,  with  suitable  apparatus,  by  tilting 
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A  c  about  c  till  the  slipping  point  is  reached, 
and  then  measuring  height  and.  base  of  the  plane. 

If  6  be  the  value  of  the  angle  a  c  B  at  this  moment, 
we  see  that  the  coefficient  of  friction  is  tan  0.  It 
is  sometimes  denoted  by  p,  and  we  then  have  F=p  n. 
This  is  clearly  the  maximum  value  of  F,  and  occurs 
when  the  body  is  on  the  jioint  of  sliding.  It  bears 
to  the  force  n,  acting  normally  to  the  contact  sur¬ 
face,  a  ratio  p,  which  is  constant  for  any  particular 
pair  of  surfaces.  The  value  of  f  is  evidently  not 
affected  by  the  extent  of  the  surface  in  contact. 
The  total  work  done  against  friction  by  a  body  in 
sliding  down  the  plane  must  be  F  x  A  c  (p.  27), 
and  is  clearly  independent  of  the  velocity  with  which 
the  body  slides. 

i  The  conclusions  we  have  here  reached  constitute 
the  laws  of  sliding  friction. 

The  resolution  of  the  wind  pressure  on  a  sail  sur¬ 
face  into  two  components- — the  normal  component 
at  right  angles  to  the  surface,  and  the  tangential 
component  along  the  surface — enables  a  ship  to  sail 
and  an  aeroplane  to  rise  and  remain  aboA^e  the 
earth.  For  the  sailing  ship  Nature  supplies  the 
wind  ;  the  aeroplane  must  to  a  great  extent  make 
its  OAvn  wind.  When  dri^mn  through  the  air  at  a 
high  velocity  by  its  petrol  engine  in  the  direction 
OA  (Fig.  12)  the  resistance  of  the  air  reacts  in  the 
direction  a  o  on  the  sail  surface.  If  the  sail  plane  * 
i  is  set  at  a  small  angle  to  this  direction,  the  reacting 
i  force  of  the  wind  is  resolved  into  (I)  a  normal  com- 
i  ponent  on  and  (2)  a  tangential  component  ot: 

I  o  N  may  be  further  resolved  into  a  vertical  conn 
\  ponent  o  v  and  a  horizontal  component  oh;  o  v 
i  must  be  o]3posite  to  w,  the  weight  of  the  aeroplane 
:  and  load,  and  at  least  equal  to  it  in  magnitude,  or 
i  the  machine  will  not  be  supported  in  the  air,  and 
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it  evidently  cannot  rise  until  o  v  is  greater  than  w. 
The  magnitude  of  the  original  wind  force,  and  there¬ 
fore  of  each  component  derived  from  it,  is  directly 
proportional  to  the  square  of  the  velocity  with 
which  the  plane  travels.  This  velocity  really  creates 
the  wind,  and  must  therefore  evidently  reach  a 
certain  minimum  value  for  any  particular  machine 
in  order  that  o  v  may  be  greater  than  w. 


Fig.  12. — To  illustrate  the  lifting  component  of  the  wind  force 
acting  on  the  sail  surface  of  an  aeroplane. 


jllecliaiiical  powers.—Certain  machines,  or, 
as  they  are  called,  ‘‘  mechanical  powers,”  enable  a 
weight  w  to  be  raised  by  a  power  p  of  less  magni- 
,  tude  than  w.  They,  therefore,  confer  ‘‘  mechanical 

advantage,”  which  is  measured  by  the  ratio  ^ 

The  following  are  often  employed  : — 

1.  The  lever.— This  is  a  rigid  rod  which,  in  use, 
rotates  about  a  fixed  point  c  (Eig.  13),  called  the 
fulcrum.  The  segments  of  the  rod,  c  A,  c  b,  between 
the  fulcrum  and  the  points  of  application  of  p  and 
W  are  called  the  arms  of  the  lever. 
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The  power  of  a  force  to  produce  rotation  depends 
upon  (1)  the  magnitude  of  the  force,  and  (2)  the 
perpendicular  distance  between  the  line  of  action 
of  the  force  and  the  point,  or  line,  about  which 
rotation  takes  place.  This  power  is  called  the 
moment  of  the  force  about  the  turning-point  or 
line.  It  is  measured  by  the  product  of  these 

A  C  B  . 

- X  I 
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p  w 
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Fig.  13.— The  lever. 


two  factors,  (1)  and  (2).  Thus  (Fig.  13)  the 
moment  of  p  is  p  X  c  a,  and  the  moment  of 
w  is  w  X  c  B.  They  tend  to  produce  rotation 
about  c  in  opposite  directions,  and,  therefore,  will 
be  in  equilibrium  if 


P  X  C  A  =  W  X  C  B 
W 


C  A 


The  mechanical  advantage  —  is  therefore 

^  P  C  B 

Levers  are  often  classified  in  three  orders,  or 

classes,  illustrated  by  the  three  diagrams  in  Fig,  13. 
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Tlie  co]imion  balance  is  an  example  of  Class  i.  The 
arms  are  of  equal  length  in  the  pair  of  scales,  but 
in  the  “  steelyard  ”  type  a  constant  force  p  is  ap¬ 
plied  at  different  points  on  c  A  to  balance  different 
values  of  w. 

In  the  beam  and  scales  we  can  find  the  true  weight 
of  P,  even  if  the  arms  are  not  equal,  by  placing  it 
first  in  one  scale  and  then  in  the  other.  Suppose 
that  it  is  balanced  in  the  first  case  by  IPj,  and  in 
the  second  by  W2  we  loiow  then  that 

Px  CA  =  ifix  an 
and  Px  CB^W^X  CA 

Therefore,  by  multiplication, 

P"-  =  IFi  X  W2 

and  P  =  Clfi  X  H', 

We  can  also  find  the  true  Aveight  of  P  with  a  false 
balance  of  this  type  by  the  method  of  counterpoise  or 
substitution.  Place  P  in  one  pan  and  counterpoise 
it  with  sand,  etc.,  in  the  other  pan ;  then  remove  P 
and  substitute  AA^eights  sufficient  to  balance  the  un¬ 
disturbed  counterpoise.  The  sum  of  these  Aveights  is 
the  true  AA^eight  of  P. 

A  pair  of  nut-crackers,  or  a  lemon-squeezer,  is  an 
example  of  Class  ii.  The  hinge  is  at  c,  the  nut  or 
lemon  at  b,  and  the  pressure  of  the  hand  is  applied  at  a. 

The  human  forearm,  Avhen  raising  a  Aveight  sup¬ 
ported  on  the  palm  of  the  hand,  is  an  example  of 
Class  III.  The  fulcrum  c  is  at  the  elboAv,  Avhere  the 
ulna  articulates  AAutli  the  humerus ;  the  power  is 
applied  by  the  biceps  muscle  at  its  point  of  attach¬ 
ment  betAveen  the  elbow  and  hand. 

2.  The  wheel  and  axle  (Fig.  14). — When  this 
machine  is  worked,  a,  the  point  of  application  of  p, 
describes  the  circumference  of  a  circle  AA^'hose  radius 
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is  c  A ;  B,  the  point  of  application  of  w,  describes 
at  the  same  time  the  circumference  of  a  smaller  circle 
whose  radius  is  c  b.  Equating  the  work  of  each,  we 
have  (p.  27) — 

P  X  27r  .  0  A  =  IF  X  ^TT  .  0  B 
W  A 
P  ^  C  B 


3.  The  inclined  plane  (Fig.  11,  p.  36).— If  we  sup¬ 
pose  the  plane  to  be  smooth  and  a  force  P  to  be 
applied  parallel  to  the  plane,  it  is  clear  that  while 
P  pulls  the  body  from  c  to  a  along  C  A,  w  is  raised 
through  the  vertical  height  n  a  ;  equating  the  work 
of  each,  we  have,  therefore— 

P X  C  A=W  X  B  A 

W C  A length  of  plane 

P  B  A  height  of  plane 

c* 
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B 


4.  The  screw  (Fig.  15). — In  structure,  this  machine 
is  essentially  an  inclined  plane  wrapped  round  a 

cylinder  whose  circum¬ 
ference  is  equal  in  length 
to  the  base  of  the  plane ; 
the  ‘‘  pitch  ”  of  the 
screw — the  distance  be¬ 
tween  two  consecutive 
threads — is  equal  to  the 
height  of  the  plane,  a, 
the  point  of  application 
of  P,  moves  through  a 
distance  27r  c  a,  while 
jj  the  pressure  w  is  made 
to  move  through  a  dis¬ 
tance  equal  to  the  pitch 
of  the  screw.  Equating 


t 


w 


Fis:.  15. — The  screw. 


the  work,  we  have,  therefore — 

Px27r.CA  =  Wxah 

If,  as  is  often  the  case,  P  is 
applied  at  b  also,  then  we  must 
add  P  X  27r  c  B,  and  have, 
therefore — 

Px2n.AB=^Wx  a  I 
W_  2iz.AB 
P 

5.  The  pulley.— In  its  sim¬ 
plest  form,  that  of  a  grooved 
wheel  round  which  a  rope  is 
passed  (Fig.  16),  this  machine 
confers  no  mechanical  advan¬ 
tage,  but  may  conveniently  alter 
the  direction  of  p.  Thus  a 
downward  force  p  may  serve 


or 


i 


w 


Fig. 


16. — The  pulley. 
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to  raise  w  ufivards.  A  combination  of  two  or 
more  pulleys  may  also  confer  mechanical  advan¬ 
tage.  In  all  cases  the  advantage  may  be  calculated 
by  the  principle  of  equality  of  work  already  applied. 

If  p  descends  and  w  _ _ _  ' _ 

ascends,  we  must  have — 

P  X  distance  descended 
=  IF  X  distance 
ascended 

vertical  descent 
IF_  of  P 
P  vertical  ascent 
of  IF 

Three  systems  of  pul= 
leys  are  generally  de¬ 
scribed  : — 

(a)  In  the  first  system  of 
pulleys  (Fig.  17)  the  same 
string  passes  round  every 
wheel.  It  is  obvious  that 
the  descent  of  p  is  equally 
divided  between  the  four 
parts  of  the  string  at  the 
lower  block,  from  which  w 
hangs,  w  will,  therefore, 
ascend  by  J  of  the  distance 
through  which  p  descends, 

or  ?  =  Similarly,  if 

there  are  n  parts  of  string 
at  the  lower  block,  we  shall  have 

IF  n 


Fig.  1/ 


-First  system  of 
pulleys. 


(6)  In  the  second  system  of  pulleys  (Fig,  18)  all 
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the  pulleys  are  movable, 
string  passes  round  each 


except  one.  A  separate 
movable  pulley  (a^,  etc.), 
and  is  attached  at  one 
end  to  the  beam.  It 
is  clear  that,  if  all  the 
strings  remain  taut, 
when  w  ascends  a  dis¬ 
tance  h,  A I  must 
ascend  Ji,  and,  there¬ 
fore,  the  string  on  each 
side  of  A^  must  shorten 
by  ]i,  which  means  that 
a  length  of  string  =  2h 
must  be  passed  round, 
and  therefore  a  2  must 
ascend  2h.  Similarly, 

Ao  must  ascend  2  X  2h 

=  2H. 

A  4  must  ascend  2  X  2'^li 
^  2% 

and  P  must  descend 
2  X  2^1i  =  2%.  Hence 
by  the  equation  of 
work — 

W  Xh  =P'X  2% 

W  24 


Similarly,  if  there  are 
n  movable  pulleys,  we 
shall  have 


Fig.  18. — Second  system  of 
pulleys. 


P  T 


(c)  In  the  third  system  of  pulleys  (Fig.  19),  a 
separate  string  passes  round  each  pulley,  and  is 
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attached  at  one  end  to  the  weight.  If  w  ascends 
by  a  distance  h,  and  all  the  strings  remain  taut, 
Ai  remains  fixed,  a  2  descends  a  distance  and 
therefore  2A  of  rope  passes  on  as  well  as  the 
length  h  due  to  the  rise  of  w  ;  therefore  A2  descends 
by  2h-\-  li  \  similarly,  a^  descends  by  2(2/^  4-  h)  -h 
h  =  2^A  +  2/i  -|-  /?,  and  p  de¬ 
scends  by  2(2^/^  +  2h  -f  h) 

+  A  =  2%  -f  2%  +  2h  +  h  ^ 

=  (2^  -  I)  h. 

...  IP  X  A  =  P  X  (2^  —  l)h 

If  2^-1 
or,  —  = - 

p  ^ 

Similarly,  if  there  are  n  puh 
leys,  Ave  shall  have 

IF^  2»^  -  I 

P  T” 

The  weights  of  the  pulleys 
themselves  have  been  disre¬ 
garded  in  all  our  examples, 
but  in  this  system  it  should 
be  noticed  that  they  assist  p. 

Parallel  forces.  —  When 
the  two  forces  are  parallel,  as 
p  and  w  (Fig.  13),  the  mag¬ 
nitude  of  the  resultant  is  the 
algebraic  sum  of  the  forces  ; 
the  direction  of  the  resultant  is  parallel  to  that  of 
the  forces,  and  passes  through  a  point  c  (Fig.  13) 
defined  by  the  equation  (p.  39)  Px  C A—  W x  CB. 
When  the  two  parallel  forces  are  equal  and  unlike, 
their  algebraic  sum  is  zero  ;  they  have  therefore 
no.  resultant  to  produce  translation  and  can  only 
produce  rotation.  Two  such  forces  constitute  a 


w 


Fig.  19. — Third  system 
of  pulleys. 


46 


GENEEAL  PHYSICS 


couple  ;  the  perpendicular  intercepted  between  them 
is  the  arm  of  the  couple  ;  the  product  of  one  force 
and  the  arm  is  the  moment  of  the  couple.  A 
screwdriver  in  use,  or  a  screw  press  worked  by 
both  hands,  illustrates  the  action  of  a  couple  (see 
also  p.  313). 

Exercises 

1.  The  bob  of  a  simple  pendulum  is  deflected  so  that  the 
string  makes  an  angle  of  60°  with  the  vertical.  Determine 
the  direction  and  magnitude  of  the  acceleration  of  the  bob 
at  the  moment  when  it  is  released.  {First  M.B.] 

2.  A  screw  having  a  pitch  of  1  cm.  is  worked  by  a  power 
arm  50  cm.  long.  What  is  the  theoretical  mechanical  advan¬ 
tage,  and  what  force  must  be  exerted  on  the  power  arm  to 
lift  1,000  kilograms  ?  {Ihid.l 

3.  If  a  man  can  exert  at  the  handle  of  a  windlass  a  force 
of  20  lb.  and  move  the  handle  through  3  ft.  a  sec.,  calculate 
his  power  in  proper  units.  {First  Professional.'] 

(For  Answers,  see  p.  388.) 


CHAPTER  IV 
HYDROSTATICS 

Properties  of  Matter— Mass  and.  Weight — The  Value  of  g — 
Extension — The  Three  States  of  Matter — Density 
and  Specific  Gravity — Methods  of  determining  the 
Specific  Gravity  of  Solids,  Liquids,  and  Gases— 
Exercises. 

In  considering  the  action  of  one  or  more  forces 
upon  a  mass,  we  have  hitherto  supposed  the  mass 
to  be  solid.  This  limitation  is. unreal;  forces  act 
also  on  liquids,  but  the  distinction  is  recognized  by 
the  prefix  hydro  {vd<op,  water)  in  the  corresponding 
terms  hydrodynamics,  hydrokinetics,  hydrostatics 
(cf.  p.  18). 

Every  state  of  matter  is  subject  to  the  action  of 
gravity,  since  this  property  belongs  to  matter  per  se. 
Other  properties— rigidity,  viscosity,  density,  etc. — 
are  possessed  in  very  different  degrees  not  only  by 
different  kinds  of  matter,  but  even  by  the  same  kind 
of  matter  when  in  different  states  ;  such  properties 
considerably  modify  the  action  of  gravity  and 
i  other  forces  on  the  mass.  We  shall  therefore  begin 
our  study  of  the  statics  of  liquids  with  a  brief 
I  account  of  these  and  other  properties. 

It  has  already  been  stated  (p.  2)  that  the  pro¬ 
perties  weight  and  extension  belong  to  every  kind 
of  matter,  in  whatever  physical  state  it  may  be. 
We  shall  now  consider  these  fwo  properties  more 
closely,  and  shall  also  notice  in  this  connection  some 
points  of  difference  between  solids,  liquids,  and  gases. 

Weiglit.— ^The  fact  that  an  apple,  when  detached 
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from  its  tree,  does  not  remain  at  rest  in  the  air,  but 
begins  to  move,  tells  us,  in  accordance  A\dtli  the  first 
law  of  motion  (p.  19),  that  the  apple  is  acted  upon 
by  some  force.  The  fact  that  it  moves  in  a  definite 
direction  tells  us,  in  accordance  with  the  second 
law  of  motion,  that  this  is  the  direction  in  which 
the  force  acts.  We  speak  of  this  force  in  general 
as  the  force  of  gravity,  but  in  a  particular  instance 
like  the  present  w^e  often  describe  it  as  the  weight 
of  the  apple. 

It  is  really  due  to  a  property  inherent  in  matter. 

By  virtue  of  this  property  every  mass  in  the  universe 

attracts  every  other  mass  with  a  certain  force.  The 

value  of  this  force  varies  directly  with  the  product 

of  the  two  attracting  masses,  but  inversely  with  the 

square  of  the  distance  between  their  respective 

centres  of  gravity.  Between  twm  masses  of  and 

^2  grm.,  whose  centres  of  gravity  are  separated  by 

a  distance  of  r  cm.,  this  mutual  force  of  attraction 

.  X  m2  6-658  t 

is  - -5 - X  dynes  ;  between  m^  lb.  and 


10^ 


m< 


lb.  at  a  distance  of  r  ft.  the  force  is  nearly 
----^2 — ~  X  “Yqq  ponndals.  The  numerical  factor  in 

each  case  is  the  corresponding  constant  of  gravitation. 
We  are  at  present  concerned  only  wdth  those  instances 
in  which  the  earth  is  one  attracting  mass  and  the 
other  is  the  apple  or  other  mass  in  the  earth’s  neigh¬ 
bourhood.  Experiment  has  proved  that  at  the 
same  place  the  acceleration,  p,  produced  by  this  at¬ 
tractive  force  is  the  same  in  all  masses  :  the  magnitude 
of  the  force  must,  therefore,  ahvays  be  proportional 
to  the  mass.  In  fact,  if  we  denote  the  mass  by  M, 
and  its  weight,  the  attractive  force,  by  IF  (in  absolute 
units),  we  must  have— ■ 

Mg 


HYDROSTATICS 


49 


)  CHAP.  IV] 

i 

I  in  accordance  witli  equation  (5),  p.  21,  of  which  this  is 
I  simply  a  particular  example. 

The  value  of  g  may  also  be  deduced  from  the  time 
i  of  oscillation  of  a  simple  pendulum.  This  ideal  is 
B  represented  in  the  actual  experiment  by  a  small, 

n  uniform  metal  sphere  suspended  by  a  liglit  string. 

;  If  o  (Fig.  l,p.  13)  be  the  point  of  suspension  and  a 
,  represents  the  centre  of  gravity  of  the  sphere,  theji 
S  o  A  (=  /)  is  the  length  of  the  equivalent  simple 
j  pendulum.  Tlie  time,  t,  of  a  complete  vibration  is 
found  by  experiment,  and  g  is  then  calculated  from 
“  the  known  relation 

i  t  =  27r\/'— 

I  ^ 

As  7r  =  3-1416  and  the  value  of  g  is  constant  at 

any  particular  place,  it  follows  that  t  oc  or 

oc  1. 

Hence  a  long  pendulum  swings  more  slowly  than 
a  shorter  one.  Pendulum  clocks,  therefore,  tend 
to  lose  in  hot  weather  and  to  gain  in  cold  weather. 
A  ‘‘  seconds  pendulum  ”  is  one  that  makes  a  com'plete 
\  vibration  in  2  secs.,  and  the  length  of  it  is  therefore 
I  given  by 

I  2==27rV' 

9 

or  1  =  TT^.  — 
i  9 

‘  whence  I  ~  ^  ^ 

TT^  9-87 

i  Accordingly,  if  g  =  32-2  ft.  per  sec.  per  sec.,  /  =  3  ft. 

I  in.  nearly,  which  is,  therefore,  about  the  length  of 
I  the  seconds  pendulum  in  London.  If  ^  =  981  C.G.S. 
units,  then  I  =  99-39  cm.  ;  this  may,  therefore,  be 
taken  as  the  length  of  the  seconds  pendulum  at  Paris. 
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Careful  experiments  sliaw  that  the  value  of  g  is 
not  exactly  the  same  at  all  places  on  the  earth’s 
surface.  In  C.G.S.  units  it  varies  from  978*10  at 
the  Equator  to  983*11  at  the  Pole.  It  is  greatest 
at  the  Poles  because  the  earth  is  somewhat  flattened 
there  and  a  mass  on  the  surface  is  therefore  nearer 
to  the  centre  of  the  earth.  The  magnitude  of  the 
force  varies  inversely  as  the  square  of  the  distance 
between  the  centre  of  the  earth  and  the  centre  of 
gravity  of  the  mass  attracted.  This  law  of  inverse 
squares  appears  to  operate  widely  in  nature.  The 
force  between  two  electrified  bodies  obeys  the  same 
law  (p.  292).  Although  a  mass  really  weighs  more  at 
the  Poles  than  at  the  Equator  we  should  not  detect 
the  difference  if  we  used  a  pair  of  scales,  because 
the  “  weights  ”  themselves  alter  for  the  same 
reason  and  in  the  same  proportion ;  but  if  we 
weigh  out  1  lb.  of  shot  at  the  Equator  with  a 
spring  balance,  we  shall  find  that  it  weighs  in  London 


(with  the  spring  balance) 


32*2 

32^09 


lb. 


Since  the  weight  can  alter  while  the  mass  remains 
the  same,  it  is  clear  that  the  two  quantities  are 
different,  although  they  are  so  closely  associated  in 
common  experience  that  the  distinction  between 
them  is  apt  to  become  obscure.  The  student  must 
not  forget  that  mass  is  a  quantity  of  matter,  and 
that  weight  is  a  force  ;  the  two,  therefore,  difiei 
in  kind. 


Exieiesioia  is  tlie  property  by  virtue  of  which  all 
matter  takes  up  room.  The  occupation  of  a  hmited 
portion  of  space  gives  to  a  mass  its  shape  and  size, 
or,  in  more  technical  language,  its  form  and  voluine. 
Matter  is  known  to  us  only  in  the  solid  or  in  the  fluid 


state  ;  both  form  and  volume  of  a  solid  are  well 
defined,  and  force,  often  considerable,  must  be  applied 
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to  alter  either.  The  perfect  solid  possesses  a  char¬ 
acteristic  property  of  rigidity  by  which  the  connec¬ 
tion  between  constituent  parts  of  the  mass  is  not 
broken  without  the  exercise  of  force.  A  block  of 
!  wood  can  be  picked  up  by  the  hand  without  portions 
becoming  detached,  and  is  not  divided  into  smaller 
portions  without  effort.  A  mass  of  mercury  or  of 
water  cannot  be  similarly  handled,  and  the  difficulty 
is  to  'prevent  portions  from  becoming  detached.  In 
sawing  wood,  or  any  solid,  considerable  resistance 
is  experienced,  but  the  saw  moves  through  water 
with  no  appreciable  resistance  if  moved  in  the  same 
direction  as  in  sawing  ;  if,  however,  the  saw  is  moved 
in  a  direction  at  right  angles  to  the  surface  of  the 
blade,  the  resistance  of  the  water  is  at  once  ex¬ 
perienced.  This  resistance  on  the  blade  of  an  oar 
is  utilized  in  the  act  of  rowing.  The  pressure  of  a 
perfect  fluid  on  any  surface  wdth  which  it  is  in 
contact  is  wholly  normal  to  that  surface,  and  the 
fact  that  there  is  no  tangential  component  is  the 
characteristic  property  of  the  perfect  fluid  ;  it  is 
equivalent  to  saying  that  F  —  o  (p.  36)  and  that  a 
perfect  fluid  cannot  exert  friction. 

We  distinguish  two  varieties  of  fluid — ^the  liquid 
and  the  gas. 

Liquids  offer  almost  as  much  resistance  to  com¬ 
pression  as  do  solids,  and  therefore  the  volume  of 
a  liquid  is  not  easily  altered,  but  the  form  is  readily 
changed  owing  to  the  lack  of  rigidity.  A  liquid, 
in  fact,  takes  the  form  of  the  vessel  in  which  it  is 
contained,  and  can  be  given  any  form  by  pouring  it 
into  a  vessel  of  the  required  contour.  Some  liquids, 
like  treacle,  only  adapt  themselves  slowly  to  the 
new  form ;  these  are  said  to  be  viscous.  A  viscous 
liquid  approximates  to  a  soft  solid.  If  the  change 
of  form  takes  place  spontaneously,  under  the  action 
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of  gravity  alone,  liowever  slowly,  the  substance  is 
considered  a  liquid  ;  sealing-Avax  is  classed  as  a 
viscous  liquid  because  when  a  straight  stick  is  sup¬ 
ported  horizontally  on  two  A^ertical  uprights  the 
portion  between  the  uprights  Avill  after  some  days 
be  found  to  have  become  curved,  the  central  portion 
having  descended.  A  talloAV  candle,  Avhich,  in  the 
same  circumstances,  remains  straight,  is  a  soft 

solid.  A  gas  readily 
acquires  not  only 
the  form  but  also 
the  Amlunie  of  anv 
space  in  which  it 
is  enclosed.  This 
characteristic  ten¬ 
dency  to  expand, 
if  allowed  to  do 
so,  is  illustrated 
in  the  following 
experiment  : — 

Air  is  contained 
in  the  small  space 
between  a  and  b 
in  a  flask  (Fig.  20). 
The  flask  is  fur- 


Fig.  20. — To  show  the  expansion 
of  a  gas. 


iiished  with  a  cork,  through  which  passes  a  doubly 
bent  glass  tube.  One  leg  of  this  reaches  to  the 
bottom  of  the  flask,  which  is  nearly  filled  with  water  i 
the  other  leg  reaches  to  the  bottom  of  an  empty 
beaker.  The'  whole  apparatus  is  placed  under  the 
bell- jar  of  an  air-pump.  If  the  pump  be  worked, 
the  pressure  on  the  confined  air  in  the  flask  is  re¬ 
moved  and  the  volume  of  gas  a  b  expands  until  it 
fills  the  whole  of  the  flask,  driving  the  water  over 
into  ^  the  beaker.  If  the  air  be  readmitted  into  the 
bell-jar,  the  gas  shrinks  to  its  original  volume. 
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The  student  has  learned  (p.  25)  that  every  visible 
mass  is  an  aggregate  of  invisible  molecules.  The 
molecules,  in  their  turn,  appear  to  be  aggregates  of 
still  smaller  material  units.  The  aggregation  of  units 
is  much  closer  in  some  kinds  of  matter  than  in 
others.  To  this  relative  closeness  of  aggregation 
we  give  the  name  i*elativ<‘  <leiisity  or  density. 
The  distinction  is  analogous  to  the  relative  density  of 
population  in  different  districts.  It  no  doubt  influences 
the  relative  mobihty  of  the  individual  molecules,  and 
is,  therefore,  associated  with  the  general  differences 
observed  in  the  properties  of  solids,  liquids,  and  gases. 
The  density  of  the  same  kind  of  matter  is  difierent 
in  the  three  states  of  aggregation.  The  solid  is  gener¬ 
ally  denser  than  the  liquid,  and  the  liquid  much 
more  dense  than  the  gas. 

Water  is  somewhat  exceptional,  and  is  of  maximum 
density  at  4°  C.,  when  still  hquid.  The  density  of 

ice  at  0°  Ct  is  only  about  of  floy-  Water  at  4°  C. 

IS  often  chosen  as  the  density  standard,  and  this 
maximum  density  is  therefore  represented  by  unity. 
The  mass  of  1  c.c.  of  this  water  is  practically  1  grm. 
(p.  5)  ;  if,  therefore,  the  mass  of  1  c.c.  of  any  other 
substance  be  d  grm.,  the  density  of  the  substance 
relative  to  this  standard  will  be  d.  The  mass 
M  of  F  c.c.  of  this  substance  will  evidently  be 
F  X  d  grm.  We  can  compare  masses  by  weighing 
them  at  the  same  flace  and,  therefore,  where  g  has  the 
same  value  :  for  any  mass  M  (p.  48) 

W=Mg 

and  for  any  other  mass  M' 

W'  g 

^  M  g  ^  M 
W  ^  M'  g  M' 
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If  M  and  M'  are  the  masses  of  the  same  volume  P 
of  each  substance,  then 

M  ^  Vd  ^  d 

M'  ~  Yd'  ~  d' 

Definitio7i. — The  relative  deiii^ity  of  a  substance 
is  the  ratio  of  the  mass  of  any  volume  of 
the  substance  to  the  mass  of  the  same 
volume  of  the  standard  substance. 

The  numerical  value  {d)  of  this  ratio  is  independent 
of  our  units,  and  is  therefore  the  same  in  all  systems. 
The  absolute  density  of  a  substance  is  the  mass  of  unit 
voluyne  of  the  substance,  and  will  therefore  depend  upon 
the  unit  of  mass  and  the  unit  of  volume  ;  if  the  relative 
density  be  d,  the  absolute  density  will  be  d  grni.  per  c.c. 
if  1  c.c.  of  the  standard  water  has  a  mass  of  1  grm., 
but  will  be  1,000  d  oz.  per  cub.  ft.  when  I  cub.  ft.  of  the 
standard  water  has  a  mass  of  1,000  oz. 

Although  the  ratio  of  two  masses  is  the  same  as 
the  ratio  of  their  weights,  taken  at  the  same  place, 
we  have  seen  (p.  50)  that  mass  and  weight  are 
different  things.  Substances,  of  course,  which  differ 
in  the  closeness  or  density  of  their  mass  will  show 
a  similar  difference  in  the  w^eight  wdiich  the  mass 
possesses  owing  to  the  attraction  of  the  earth,  or 
gravity.  We  recognize  this  difference  in  the  term 
specific  gravity. 

Definition. — The  specific  g^ravity  of  a  substance 
is  the  ratio  of  the  weight  of  any  volume  of 
the  substance  to  the  weight  of  the  same 
volume  of  the  standard  substance. 

Since  the  volume  of  every  mass  varies  with  tempera¬ 
ture,  this  condition  must  be  specified  or  understood  ;  in 
simple  laboratory  experiments  the  comparison  is  usually 
rnade  at  room  temj^erature. 
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Density  is  the  ratio  between  two  masses,  and 
specific  gravity  is  the  ratio  between  two  weights. 
They  are  referred  to  the  same  standard,  and  therefore 
they  are  represented  by  the  same  number.  For 
liquids  and  solids  the  standard  is  generally  water 
at  4°  C.,  though  water  at  0°  C.  and  water  at 
room  temperature  15*5°  C.  are  standards  frequently 
adopted.  As  the  numerical  value  evidently  depends 
upon  the  standard  referred  to,  this  must  be  clearly 
stated  or  understood.  The  density  and  specific 
gravity  of  a  gas  are  usually  referred  to  (1)  dry  air, 
or  (2)  hydrogen.  In  either  case  both  the  gas  and 
the  standard  are  valued  at  N.  T.  P.,  that  is,  at 
0°  O'.,  and  under  a  pressure  of  760  mm.  of  mercury. 

■  To  find  the  specific  gravity  of  any  substance,  we 
i  must  therefore  know  (1)  the  weight  W  of  some 
5  volume  V  of  the  substance  ;  (2)  the  weight  of  the 
I  same  volume  of  the  standard.  We  shall  now  de¬ 
scribe  some  of  the  methods  by  which  these  two 
j  quantities  are  determined. 

!  Specific  Geavity  of  a  Solid 

1.  If  the  solid  has  a  regular  figure,  as  a  cylinder, 

!  cone,  cube,  sphere,  etc.,  F  may  be  found  from  direct 
I  measurement  of  its  dimensions,  and  W  by  weighing. 

I  Suppose  that  F  c.c.  of  the  substance  weigh  IF  grni., 
i  we  know  that  F  c.c.  of  standard  water  weigh  F  grm. 

W 

-  .*.  Sp.  gr.  s  of  the  substance  =  -y  referred  to  ivater 
!:  at  4°  C. 

2.  If  the  solid  has  not  a  regular  figure,  F  may  be 
i:  found  by  displacement. 

Water  stands  at  the  level  a  in  a  graduated  jar 
(Fig.  21).  When  the  solid  is  placed  in  the  jar,  the 
i;  wuter  level  rises  to  B.  The  difference  between  the 
'»  two  readings  is  the  value  of  F? 
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3.  Without  finding  the  actual  value  of  V  we  can 
find  the  weight  TP'  of  this  volume  of  water  ;  and 
then  the  specific  gravity,  since 

Tf 

^  “  Tf' 

The  method  employed  for  this  purpose  is  based  upon 
a  proposition  which  is  known  as  the  principle  of 

Archimedes.  It  appears  to  have 
^  been  first  enunciated  by  this  Greek 
philosopher,  who  w^as  born  at  Syra¬ 
cuse  about  B.c.  287.  When  a  bodv 

%/ 

,23  actually  floats,  wholly  or  partially 
immersed  in  water,  it  is  obvious  that 
the  water  must  in  some  way  exert 
A  upon  it  a  resultant  force  equal  in 
magnitude  to  the  weight  of  the 
body,  and  acting  vertically  up- 
wards.  When  the  body  sinJcs,  it  is 
obvious  that  this  resultant  upward 
force,  if  exerted,  is  at  any  rate  not 
equal  to  the  weioht  of  the  bodv. 
Indeed,  it  is  in  this  case  not  quite 
Fig.  21.— Volume  SO  obvious  that  any  upward  force  is 

of  a  solid  found  exerted.  It  is,  however,  a  fact  that 

h  V  displace-  .  ’  .  ^  . 

ntent.  every  body  %mmersed  %n  water  %s  acted 

on  by  an  upivard  vertical  force  ivliich 
is  equal  in  magnitude  to  the  weigJd  of  the  water  dis¬ 
placed  by  the  body. 

We  might  be  led  to  this  conclusion  by  the  following 
argument.  The  beaker  a  (Eig.  22)  is  partly  filled 
with  water,  in  which  a  solid  b  is  supposed  to  be 
entirely  immersed.  The  space  now  occupied  by  b 
was  formerly  occupied  by  water  ;  this  water  did  not 
move,  but  remained  at  rest,  though  it  has  w^eight  TT  ". 
This  weight  must,  therefore,  have  been  balanced  by 


HYDROSTATICS 


57 


CHAP.  IV] 

an  equal  and  opposite  force  exerted  hy  the  surrounding 
water ;  this  will  still  be  exerted  on  any  solid,  B, 
which  displace  the  portion  of  water  considered. 
B  is  therefore  acted  on  by  two  forces- — its  own  weight, 
IF,  acting  vertically  downwards,  and  a  force,  IF', 
equal  to  the  weight  of  the  water  it  has  displaced, 
acting  vertically  upwards. 

The  existence  of  this  upward  pressure  is  demon¬ 
strated  by  the  following  experimeDt :  A  small 
ground-glass  plate  is  held  by  a 
string  against  the  ground  surface 
of  a  bell-jar  (Fig.  23).  The  plate 
and  jar  are  then  sunk  beneath  the 
water  and  the  string  is  released, 

:  but  the  glass  plate  is  supported 
i  by  the  upward  pressure  of  the 
I  fluid.  Water  may  now  be  poured 
I  into  the  bell-jar,  but  the  glass  plate 
'  will  not  sink  until  the  levels  of 
I  the  water  inside  and  outside  are 
i  nearly  equal.  The  deeper  the  plate 
;  is  immersed,  the  greater  is  the 
i  amount  of  water  inside  the  jar  ; 

;  the  upward  pressure  supporting  it 
I  must,  therefore,  increase  ivitJi  the 

i  de'pth. 

The  truth  of  the  principle  of  Archimedes  can  be 
1;  demonstrated  thus  :  A  solid  cylindrical  piece  of  brass 

ii  exactly  fits  a  metal  bucket,  so  that  the  bucket,  when 
!  filled  with  water,  contains  a  volume  of  water  exactly 
I  equal  to  that  of  the  brass.  The  brass  is  placed  in 
ii  the  left  pan  of  a  balance,  and  the  bucket  filled  with 
;i  water  in  the  right  pan.  Shot  are  then  added  till 
:  equilibrium  is  obtained,  a  fine  silk  thread  is  attached 

I  to  the  brass,  which  is  suspended  from  the  left  hook 
;  of  the  balance  and  wholly  immersed  in  distilled 


medes. 
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water.  The  right-hand  pan  of  the  balance  is  now 
much  too  heavy,  but  if  the  water  in  the  bucket 
be  thrown  away  and  the  dry  empty  bucket  be 
replaced,  equilibrium  will  be  restored,  proving  that 
the  loss  of  weight  of  the  brass  when  immersed  in 
water  is  equal  to  the  weight  of  its  own  volume 
of  water. 

The  method  by  which  the  weighing  in  water  is 


Fig.  23. — Glass  j)late  sup¬ 
ported  by  upward 
fluid  pressure. 


Fig.  24. — Method  of  weighing  a 
substance  in  water. 


effected  is  shown  in  Eig.  24.  A  little  wooden  plat¬ 
form  A  is  arranged  so  that  its  legs  straddle  over  the 
balance  pan  b  without  touching  it ;  on  this  platform 
rests  the  beaker  of  water  c,  and  in  this,  suspended 
by  a  fine  silk  thread  from  the  hook  on  the  balance, 
the  piece  of  brass  is  entirely  immersed. 

Ex. :  Determination  of  the  specific  gravity  of  a  solid  in¬ 
soluble  in  water  :  (a)  When  the  solid  is  heavier  than  water. — A 
piece  of  brass  weighs  in  air  200  grm. ;  when  wholl}^  immersed 
in  water,  as  shown  in  Fig.  24,  it  weighs  176-2  grm. ;  the 
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loss  in  Aveight  is  therefore  200  - 176-2— 23-8  grm.  By  the 
principle  of  Archimedes  this  is  the  weight  of  a  quantity 
of  water  equal  in  volume  to  the  brass,  which  weighs  200  grm. 
The  sp.  gr.,  s,  of  the  brass,  referred  to  this  water  as 

standard,  is  therefore  (p.  54)  s  —  =  8-4. 

^0*0 

(b)  When  the  solid  is  lighter  than  water. — In  this  case 
a  “  sinker  ”  of  lead  or  some  other  heavy  metal  must  be 
attached  to  the  substance  (e.g.  wax  or  cork)  to  secure 
its  complete  immersion.  The  sp.  gr.  is  then  determined 
as  indicated  in  the  folloAving  example  : — 

1.  Weight  of  Avax  +  sinker  in  air  .  =  15  grm, 

„  „  +  3,  AA^ater  =  3-98  „ 


Loss  A  (  =  weight  of  water  displaced 

by  sinker  and  wax)  .  .  .  11-02  ,, 

2.  Weight  of  sinker  in  air  .  .  .  =  5  grm. 

„  „  water  .  .  =  4-4  ,, 


Loss  B  ( =  weight  of  water  displaced 

by  sinker)  ....  0  6  ,, 

3.  Weight  of  wax  in  air  .  .  .  =  10  grm. 

,  Aveight  of  wax 

Then  sp.  gr.  of  Avax  =  — r-rr — ? - 1 - v — \ - j— r - 

®  weight  of  water  displaced  by  wax 

Aveight  of  wax  10 

=: _ 5 ~  0-06 

Loss  A  —  Loss  B  11  02  —  0-6 

If  the  solid  is  in  fragments,  as  shot,  sand,  filings,  etc., 
it  cannot  be  suspended  as  in  Fig.  24.  To  find  the  weight 
of  the  solid  in  Avater  in  this  case  we  may  use  a  specific 
gravity  bottle  (p.  63)  and  proceed  as  follows 

1.  Weigh  the  shot  in  air  ;  let  this  be  ITj. 

2.  Place  the  shot  in  a  sp.  gr.  bottle,  fill  up  with  water, 
Aveigh,  deduct  the  weight  of  the  empty  bottle,  and  so 
obtain  IFg- 

3.  Weigh  the  sp.  gr.  bottle  full  of  water,  deduct  the 
weight  of  the  empty  bottle,  and  so  obtain  Wy 

Then  —  W 2  ~  weight  of  water  displaced  by 


the  shot,  and  sp.  gr.  = 


W 


1 


+  IF3  -  ICo  • 


60 


GENEEAL  PHYSICS 


[part  1 

The  displacement  method  (2,  p.  65)  may  also  be  used, 
'rims,  60  grm.  of  lead  shot  caused  the  level  of  the  water 
in  a  burette  to  rise  4-5  c.c. 

Sp.  gr.  of  lead  =  ^  =  IIT 

When  the  solid  is  soluble  in  water  it  must  be 
wholly  immersed  in  some  other  liquid  in  whicli  it 
is  insoluble,  and  the  experiment  may  then  be  con¬ 
ducted  as  before.  As  the  result  of  the  experiment, 
however,  we  shall  now  obtain  the  specific  gravity,  Sj, 
of  the  solid  referred  to  the  neiv  liquid  as  standard. 
We  only  know,  therefore,  that  the  solid,  bulk  for 
bulk,  is  times  as  heavy  as  this  liquid.  We  shall 
presently  see,  however,  that  the  specific  gravit}?',  d, 
of  this  liquid  referred  to  water  is  easily  found.  We 
shall  then  know  that  this  liquid  is  d  times  as  heavy 
as  water.  Hence  it;  must  follow  that  the  solid  is 
s^  X  d  times  as  heavy  as  water.  The  sp.  gr.,  5, 
of  the  solid  referred  to  water  is,  therefore,  Sj  X  d. 

Alcohol,  turpentine,  etc.,  are  sometimes  employed 
for  this  purpose.  A  saturated  aqueous  solution  of 
the  substance  may  also  be  used,  since  the  solid  must, 
by  hypothesis,  be  insoluble  in  this. 

The  specific  gravity  of  a  solid  can  also  be  found 
by  means  of  ]\icliolsoii’s  liy<lrometei*«»  which 
enables  us  to  weigh  the  solid  in  air  and  in  water 
without  the  aid  of  an  ordinary  balance.  The  instru¬ 
ment  consists  (Fig.  25)  of  a  hollow  brass  cylinder  a 
connected  by  a  rigid  wire  stem  to  an  upper  pan  b, 
and  a  lower  pan  c.  The  upper  stem  carries  a  mark 
(often  a  ring  of  platinum  wire)  at  d.  When  employed 
for  this  experiment,  the  instrument  is  immersed  in 
water,  and  weights  are  placed  in  the  upper  pan  until 
the  mark  d  is  level  with  the  surface  of  the  water. 

Ex.  :  35 T  grm.  are  required.  The  weights  are  re¬ 
moved,  and  the  solid  is  placed  in  b  with  any  additional 
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weights  required  to  sink  the  hydrometer  to  the  same 
mark,  d.  Suppose  25-65  grm.  are  required ;  then  the 


weight  of  the  solid  in  air  is 
The  solid  is  now  placed  in 
and  w'eights  are  added  till 


35-1  —  25-65  —  9-45  grm. 
the  pan  c  under  water, 
the  mark  is  again  level 


Fig.  26, — Comniou 
hydrometer. 


with  the  surface  of  the  water.  If  this  requires  26-70 
grm.,  the  weight  of  the  solid  in  water  must  be  35-1  — 26-7 
=  8-4  grm.,  and  its  loss  when  weighed  in  water  is  there¬ 
fore  9-45  —  8-4  =  1  05  grm.  Hence,  the  sp.  gr.  of  the  solid 
9-45 
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Specific  Gravity  of  a  Liquid 

Nicliolson’s  hydrometer  may  also  be  employed  to 
determine  the  specific  gravity  of  a  liquid.  For  this 
purpose  we  require  to  know  the  weight  of  the  hydro¬ 
meter.  Let  this  be  (7,  and  suppose  that  an  additional 
weight,  W,  must  be  placed  in  the  pan  b  (Fig.  25) 
to  sink  the  instrument  to  the  mark  d  in  luater.  Then 
IF  -f-  C'  is  evidently  equal  to  the  weight  of  the  volume 
of  ivater  displaced  by  the  instrument  in  this  position. 
If,  when  the  instrument  is  placed  in  another  liquid, 
If'  is  required  instead  of  IF,  then  we  know  that 
IF'  C  is  the  weight  of  the  same  volume  of  this 
liquid.  Therefore  the  sp.  gr.,  s,  of  this  liquid  = 
IF'+  (7 
IF  +  O’ 

Hydrometers  of  this  type,  made  by  the  addition 
of  different  weights  to  sink  to  the  sa^ne  mark  in 
difierent  liquids,  are  called  hydrometers  of  constant 
immersion.  Hydrometers  of  variable  immersion  are 
now  more  frequently  employed.  These  sink  to 
difierent  depths  in  different  liquids. 

The  common  liydrometer  is  of  this  type  and 
consists  of  a  hollow  glass  or  brass  vessel  weighted 
at  the  bottom  and  furnished  at  the  top  with  a  long 
graduated  stem  (Fig.  26).  The  weight  in  the  lower 
bulb  (mercury  or  shot)  is  so  adjusted  that  the  instru¬ 
ment  will  float  in  a  vertical  position  with  some 
point  on  the  graduated  stem  in  the  surface  of  any 
liquid  for  which  it  is  designed.  The  scale  reading 
at  this  point  indicates  the  specific  gravity.  It  is 
usual  to  have  several  of  these  hydrometers  ;  thus, 
one  would  read  from  I -000  to  1-050,  another  from 
0-950  to  1-000,  and  so  on;  by  this  means  a  stem  of 
inconvenient  length  is  avoided.  Hydrometers  are 
called  urinometers,  lactometers,  alcoholometers,  etc., 
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according  to  the  liquid  for  which  they  are  specially 
suited.  The  specific  gravity  of  the  same  liquid  is 
difierent  at  different  temperatures.  Hydrometers 
are  usually  graduated  for  60°  F.  or  15-5°  C.,  and 
the  liquid  should,  therefore,  be  at  that  temperature 
when  the  reading  is  taken.  This  must  be  remem¬ 
bered  in  the  case  of  urine. 

When  important  conclusions  are  to  be  drawn 
from  the  readings,  the  graduation  of  the  hydrometer 
should  be  carefully  checked  by  comparison  with  the 


Fig.  27. — Specific  gravity 
bottle. 


results  obtained  by  the  following  method,  in  which 
the  specific  gravity  bottle  (Fig.  27)  is  employed. 
This  bottle  has  usually  a  capacity  of  from  20  to 
50  C.C.,  and  is  fitted  with  a  solid  stopper  drilkcl 
with  a  bore  of  fine  calibre.  The  bottle  is  rinsed  out 
with  the  liquid,  then  filled  with  it,  and  the  stopper 
inserted,  taking  care  to  avoid  air-bubbles.  The 
excess  of  fluid  is  forced  out  through  the  perforated 
stopper.  The  bottle  is  then  carefully  wiped  dry 
and  weighed.  Let  this  weight  be  Wi-  Repeat  the 
experiment  with  distilled  water,  and  let  the  weight 
in  this  case  be  Let  the  weight  of  the  bottle. 
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when  dry  and  empt^%  be  If.  Then  If ^  —  If  is  the 
weight  of  the  liquid  which  filled  the  bottle,  and 
IP2  is  weight  of  the  same  volume  of  water  ; 

_  tp 

therefore  the  sp.  gr.  of  the  liquid  = 

°  ^  ^y2  ~ 

We  can  also  obtain  an  accurate  volume  of  fluid 
by  means  of  the  S|>rt*ii|^el  tube  (Fig.  28).  This 
is  a  light  U'tube  made  of  glass.  The  two  ends 

are  drawn  out  and 
bent  as  shown.  A 
mark  is  made  at  b, 
and  A  is  drawn  out 
into  a  capillary  tube, 
the  end  of  which  is 
broken  off.  The  tube 
is  filled  by  dipping 
the  end  a  in  the 
liquid,  and  sucking 
at  B  till  the  tube  is 
filled  and  the  liquid 
is  sucked  beyond  the 
mark  B.  The  volume 
is  finally  adjusted  by 
holding  a  piece  of 
filter  paper  at  the 
end  A,  when  the  excess  of  liquid  is  soaked  up  by 
the  filter  paper  and  the  level  brought  exactly  to  the 
mark  b.  The  tube  is  then  carefully  wiped  and 
weighed.  The  further  course  of  the  experiment  is 
similar  to  that  with  the  specific  gravity  bottle.  The 
specific  gravity  bottle  and  the  Sprengel  tube  are 
sometimes  called  pykiioiiieters. 

Hare’s  apparatus.— The  specific  gravity  of 
liquids  can  also  be  conveniently  compared  by  means 
of  the  apparatus  shown  in  Fig.  29.  This  consists  of 
two  long  tubes,  the  ends  of  which  dip  into  the  two 


Fig.  29. — Hare's  apparatus. 
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liquids.  At  tlie  top  these  tubes  are  connected  by  a 
T-tube  bearing  an  ihdiarubber  tube  and  a  spring 
clip.  On  sucking  gently  at  A  while  the  clip  is  open, 
the  liquids  are  drawn  up  into  the  tubes.  The  clip 
is  then  closed,  and  the  heights  of  the  columns  of 
liquids  above  the  levels  of  the  liquids  in  their 
respective  cisterns  measured  ;  these  heights  are  in¬ 
versely  as  their  respective  specific  gravities.  Thus, 
a  specimen  of  dilute  alcohol  was  compared  with 
distilled  water :  the  alcohol  column  from  E  to  F 
measured  100  mm.,  the  water  column  from  c  to  d 
90  mm.  The  sp.  gr.  of  alcohol  to  water  was  0*9 
to  TO. 

Specific  Gravity  of  a  Gas 

The  specific  gravity  of  a  gas  is  determined  on 
the  same  principle  as  that  of  a  liquid,  but  in  the 
first  place  the  gas  must  be  enclosed  ;  and  Secondly, 
the  volume  of  a  gas  varies  so  rapidly  with  alterations 
in  temperature  and  pressure  that  special  precautions 
must  be  taken  ;  lastly,  a  gas  is  So  light,  and  displaces 
so  much  air,  that  there  is  a  sensible  difference 
between  its  weight  in  air  and  its  weight  in  vacuo — 
a  difference  which,  in  the  case  of  ordinary  solids 
and  liquids,  is  so  small  that  it  can  be  neglected. 

The  gas  is  contained  in  a  small  glass  balloon  or 
spherical  flask  (Fig.  30),  furnished  with  a  well-made 
brass  stopcock,  to  which  a  small  hook  can  be  attached. 
The  air  is  removed  from  the  flask  by  an  air-pump, 
the  Stopcock  closed,  and  the  flask  connected  with 
a  reservoir  of  the  pure  gas  whose  speciflc  gravity  is 
to  be  determined.  On  opening  the  stopcock  the 
gas  rushes  in  and  fills  the  flasl?,  and  the  process  of 
exhaustion  and  filling  is  repeated  so  as  to  ensure 
the  removal  of  all  air.  The  flask,  still  in  connec¬ 
tion  with  the  reservoir  of  gas,  is  immersed  in  a 

D 
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beaker  of  water  of  known  temperature  for  two  or 
three  minutes,  the  stopcock  is  then  closed,  and  the 
barometer  at  once  read.  We  have  thus  succeeded 
in  enclosing  a  known  volume  of  the  gas  at  a  known 
temperature  and  pressure.  The  flask  is  dried  and 
suspended  from  one  end  of  the  balance.  A  similar 
flask  of  equal  weight  and  displacement  is  suspended 
as  a  counterpoise  from  the  other  end.  In  this  way 
the  error  due  to  the  air  displaced  is  obviated.  The 
weight  of  the  gas  is  then  found  as  described  under  the 


Fig.  30. — Flask  for  taking  Fig.  31. — Dumas’  flask  for 
sjDecific  gravity  of  gases.  vapour  density. 

specific  gravity  of  liquids,  and  the  sp.  gr.  at  0°  C. 
and  760  mm.  calculated  (p.  132). 

The  specific  gravity  of  a  vapour  can  be  ascer¬ 
tained  either  (a)  by  finding  the  weight  of  a  known 
volume  of  the  vapour  at  a  known  temperature  and 
pressure,  or  (b)  by  finding  the  volume  occupied  by 
a  known  weight  of  the  substance  when  converted 
into  gas  or  vapour.  As  an  example  of  the  former 
(ff),  we  may  cite  Dumas’  method.  In  this  a  glass 
bulb  (containing  about  200  c.c.),  furnished  with 
a  long  drawn-out  neck  (Fig.  31),  is  partially  filled 
with  the  substance  the  specific  gravity  of  whose 
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vapour  is  to  be  determined.  The 
bulb  is  then  plunged  into  a  heated 
liquid,  so  that  the  substance  boils 
violently,  and  its  vapour  drives 
out  all  the  air  from  the  bulb. 

AVhen  this  has  been  effected  and 
the  bulb  is  full  of  the  vapour, 
the  end  of  the  drawn-out  neck  is 
fused  up  by  a  blowpipe,  the  tem¬ 
perature  of  the  heated  liquid  and 
the  barometer  being  simultaneously 
noted.  The  bulb  is  then  with¬ 
drawn,  cleaned,  and  weighed.  The 
weight  of  the  empty  bulb  is  de¬ 
ducted,  and  thus  we  get  the  weight 
of  a  known  volume  of  the  vapour 
at  a  known  temperature  and 
pressure  :  from  this,  after  certain 
corrections,  we  can  calculate  the 
specific  gravity  of  the  vapour  at  0° 
and  760  mm. 

The  method  usually  employed 
belongs  to  the  second  class  (6). 

It  is  known  as  Victor  Meyer’s 
method.  A  tube  about  2  ft.  long 
is  expanded  at  its  lower  end  into  a 
bulb  A  (Fig.  32)  ;  it  is  closed  at 
its  upper  end  with  an  indiarubber 
cork,  and  has  a  bent  delivery  tube 
B  inserted  a  short  distance  below 
the  cork  ;  the  delivery  tube  ends  ^ 
in  a  trough  d  filled  with  water. 

The  bulbed  tube  A  is  surrounded 
by  a  second  and  larger  tube  which  Fig.  32.  — 
contains  water,  anilin,  or  other 
liquid  of  Suitable  boiling  -point.  tus. 


Victor 

vapour- 

appara- 
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This  liquid  is  caused  to  boil,  and  its  vapour,  heat¬ 
ing  the  air  in  a,  causes  it  to  expand,  and  bubbles 
escape  by  the  delivery  tube  into  the  air.  As  soon 
as  bubbles  cease  to  escape,  the  cork  is  removed 
and  a  weighed  quantity  W  of  the  substance  con¬ 
tained  in  a  small  bulb  is  dropped  into  a,  and 
the  cork  immediately  replaced.  The  substance  is 
at  once  converted  into  vapour,  which  displa-ces 
some  of  the  air,  and  this  displaced  air  is  collected 
in  the  graduated  tube  c,  which  has  been  placed 
over  the  end  of  the  delivery  tube.  The  liquid  in 
the  outer  tube  should  have  a  boiling-point  20° 
to  30°  higher  than  that  of  the  substance ;  about 
0*1  grm.  of  the  substance  should  be  taken. 

The  measured  volume  of  the  gas  collected  is  cor¬ 
rected  for  temperature  and  pressure  to  the  true 
volume  at  0°  and  760  mm.  We  know  that  this 
volume  of  the  vapour  weighs  IT.  The  weight  W' 
of  this  same  volume  of  hydrogen  is  then  calculated, 
and  finally  the  specific  gravity  of  the  vapour 

_ 

-  Ip- 


Ex.  :  0-073  grm.  of  ether  displaced  25-3  c.c.  of  air, 
measured  at  2T5°  C.  and  718-6  mm. ;  correcting  for 
temperature  (p.  132), 


25-3  X 


273 

273  -f  ^f-5 


23-45  c.c. 


the  pressure  was  718-6  —  19-1  (the  vapour  tension  of 
water  at  21-5°)  =  699-5  mm. 

699-5 

23-45  X  =  21-5  c.c. 


the  volume  of  gas  displaced  when  reduced  to  0°  0.  and 
760  mni!. 

Now,  this  volume  of  hydrogen  weighs 


21-5  X  0-0896 


0-00192 


grm. 


1,000 
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and  the  sp.  gr.  of  ether  vapour,  referred  to  hydrogen, 


0*073 

0-00192 


37*9 


Exercises 

1.  A  cork  lifebuoy  weighs  20  lb.  What  is  the  greatest 
weight  that  it  could  support  in  water,  the  specific  gravity  of 
cork  being  0*3  ?  [First  M.B.  Lond.'] 

2.  A  piece  of  wood  of  specific  gravity  0*8,  weighing  50  grm., 
floats  in  water.  What  proportion  of  its  volume  is  submerged  ? 
How  much  lead  of  specific  gravity  11*4  must  be  attached  to 
the  wood  in  order  that  the  two  may  just  sink  ?  [First 
Professional.] 

3.  A  solid  weighs  in  air  14-86  grm.,  in  water  8-67  grm.,  and 
in  a  second  liquid  9-85  grm.  Calculate  the  densities  of  the 
solid  and  of  the  second  liquid.  [Ibid,] 

4.  Apply  the  principle  of  Archimedes  to  calculate  the  force 
required  to  lift  a  mass  of  30  tons  of  iron  when  submerged 
in  sea  water.  A  cubic  foot  of  fresh  water  weighs  62-5  lb., 
and  the  specific  gravities  of  sea  water  and  iron  are  1*03 
and  7*6  respectively.  [Ibid.] 

5.  What  must  be  the  volume  of  a  balloon  which  when 
inflatedwith  hydrogen,  is  able  to  lift  a  load  of  800  kilogrammes, 
if  the  mass  of  a  cubic  metre  of  air  is  1,290  grm.  and  that  of  a 
cubic  metre  of  hydrogen  is  90  grm.  ?  [Ibid.] 

(For  Answers,  see  p.  388.) 


CHAPTER  V 
DIFFUSION 

Diffusion  of  Solids  and  Liquids— Colloids — Dialysis — 
Osmotic  Pressure— Diffusion  of  Gases — Graham’s 
Law — Capillary  Phenomena — Exercises. 

The  relative  mobility  of  particles  in  solids,  liquids, 
and  gases  already  illustrated  in  previous  chapters  is 
further  exemplified  by  the  phenomena  of  diffusion. 

Diffusion  of  solids  takes 
place  slowly,  at  temperatures  far 
below  their  melting-points.  When 
a  bright  sheet  of  lead  was  laid  on 
an  ingot  of  gold  and  the  two  were 
maintained  at  the  temperature  of 
boiling  water  for  some  months, 
analysis  proved  that  some  lead 
had  diffused  into  the  gold  and 
some  gold  into  the  lead. 

The  diffusion  of  solids  in 
solution  is  illustrated  in  the 
following  experiment :  A  strong 
solution  of  common  salt  contained 
in  a  small  jar  is  placed  at  the 
bottom  of  a  deeper  and  larger 
jar  (Fig.  33).  The  small  jar  is 
then  covered  with  a  glass  plate 
while  the  large  jar  is  gently  filled  with  water  by 
means  of  a  funnel.  The  cover  is  then  carefully 
removed  from  the  small  jar,  leaving  the  heavy  solution 
of  brine  in  contact  with  the  pure  water  above.  The 


Fig.  33. 
Diffusion  of 
brine. 
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heavy  brine  does  not,  however,  remain  at  the  bottom 
without  mixing  with  the  lighter  water  above.  The 
molecules  of  the  salt  seem  in  solution  to  range  farther 
and  farther  from  each  other,  just  as  do  the  molecules 
of  a  gas,  when  the  pressure  is  diminished,  and  to 
penetrate  or  diffuse  into  the  water.  This  process  of 
diffusion  proceeds  until,  after  the  lapse  of  some 
time,  the  salt  is  evenly  distributed  throughout  the 
water.  The  rate  at  which  this  diffusion  of  a 
substance  takes  place  depends  (I)  on  the  nature 
of  the  substance ;  (2)  on  the  strength  of  the 

solution,  a  3  per  cent,  solution  diffusing  three  times 
as  quickly  as  a  1  per  cent,  solution  ;  (3)  on  the 
temperature,  the  rate  increasing  as  the  temperature 
rises. 

Relative  times  of  diffusion  of  equal  amounts  of — ■ 

Albumin  .  .  .  .  49'00  units. 

Magnesium  sulphate  ,  ,  T'OO  ,, 

Sodium  chloride  ,  .  .  2’33  ,, 

Hydrochloric  acid  .  .  O'l  unit. 

So  that  hydrochloric  acid  diffuses  490  times  as 
quickly  as  albumin. 

Graham  observed  that  substances  which  diffused 
quickly  were  crystalline,  and  that  those  which  dif¬ 
fused  slowly  were  not,  so  he  divided  substances  into 
crystalloids,  such  as  salt,  and  colloids  (from  Ko\\ufdr]Q 
=  viscous  or  glue-like),  such  as  gelatin,  albumin,  etc. 

We  now  recognize  that  many  substances  which 
would  not  have  been  classed  by  Graham  as  colloids 
can  be  made  to  assume  a  colloidal  state,  e.g.  ferric 
hydroxide,  arsenious  sulphide,  gold,  platinum ;  the 
word  now  denotes  a  condition  of  matter  rather  than 
a  distinct  class  of  bodies.  Many  phenomena,  indeed, 
suggest  that  we  have  in  this  colloidal  condition  a  sort 
of  half-way  house  between  liquid  and  solid — a  state 
of  molecular  aggregation  intermediate  between  that 
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of  a  substance  in  solution  and  that  of  a  definite  pfo- 
cip)itate  ;  solid  particles,  of  ultra-microscopic  dimen¬ 
sions,  capable  of  sustained  existence  in  suspension. 
The  presence  of  these  multiple  molecules  would  be 
quite  consistent  with  the  low  osmotic  pressure  of 
colloidal  solutions.  The  classifications  of  our  text¬ 
books*  are  more  rigid  and  precise  than  those  of  Nature. 
Natural  divisions  merge  almost  imperceptibly  one 
into  another,  and  the  border  line  is  often  very  diffi¬ 
cult  to  define.  Graham’s  experiments  have,  how¬ 
ever,  been  confirmed  and  extended.  The  warm 
aqueous  solution  of  some  colloids,  like  gelatin,  seems 
to  set,  or  solidify,  but  the  solid  formed  will  again 
dissolve  on  warming  or  diluting  ;  others,  however, 
seem  to  be  coagulated,  and  the  clot  or  gel  is  not 
subsequently  redissolved. 

If  a  water-tight  membrane,  such  as  a  bladder  or 
vegetable  parchment,  be  tied  tightly  over  the  little 
jar  in  the  previous  experiment,  the  salt  will  still  diffuse 
into  the  water,  in  spite  of  the  bladder.  If  we  mix 
a  crystalloid,  such  as  salt,  with  some  white  of  egg 
(albumin),  and  place  the  mixture  in  a  tube  of  vege¬ 
table  parchment  suspended  in  water,  or  in  a  drum 
of  bladder  stretched  over  a  hoop  floating  in  water 
fhe  Salt  will  diffuse  rapidly,  the  albumin 
very  slowly,  through  the  membrane.  Now,  it  is 
obvious  that  the  process  can  be  stopped  at  a  time 
when  nearly  all  the  salt  has  passed  through  with  but 
little  albumin.  If  we  evaporate  the  water  we  recover 
the  salt  almost  pure;  and  if  we  repeat  the  process 
of  diffusion  with  the  residual  albumin,  we  can  remove 
practically  all  the  salt,  and  on  allowing  the  solution 
of  albumin  to  evaporate  in  the  sun  we  obtain  the 
albumin  free  from  salt.  So,  by  taking  advantage 
of  the  different  rates  at  which  substances  diffuse 
through  membranes,  we  can  separate  them  from 
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each  other.  This  process  of  separating  dissolved 
substances  by  diffusion  is  called  dialysis. 

This  movement  of  solids  in  solution,  if  resisted, - 
tends  to  continue  in  spite  of  the  resistance.  So 
much  pressure  is,  in  fact,  developed  that  few  mem¬ 
branes  will  sustain  the  pressure  without  leaking. 

The  most  successful  of  the  earlier  artificial  mem¬ 
branes  was  prepared  by  a  botanist,  Pfeifer,  during 
his  investigations  on  the  rise  of  sap  in  plants.  A 
small  vessel  of  porous  earthenware,  after  thorough 


Fig.  34. — Diffusion  of  salt  and  albumin,  (a)  through  parchment 
tube  suspended  from  glass  rod,  {b)  through  laj^er  of  vegetable 
parchment  stretched  over  hoop. 

washing  and  drying,  was  soaked  first  in  a  solution 
of  copper  sulphate,  and  afterwards  in  a  solution  of 
potassium  ferrocyanide.  As  the  solutions  came  into 
contact  in  the  pores  of  the  pot,  a  gelatinous  pre¬ 
cipitate  of  copper  ferrocyanide  was  thrown  down, 
and  this  gelatinous  precipitate,  supported  by  the 
porous  structure  of  the  earthenware,  formed  an 
almost  perfect  membrane.  The  open  mouth  of  the 
porous  pot  was  closed  by  a  glass  tube  a  (Fig.  35), 
firmly  cemented  in ;  the  glass  tube  had  a  T-tube  b 
connecting  it  with  a  long  bent  U-tube  c  containing 
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mercury.  By  filling  the  porous  pot  with  various 
solutions  and  immersing  it  in  pure  water,  it  was 

found  that  the  water  passed 
in  much  more  rapidly  than 
the  solution  came  out. 
Pressure  was  thereby  de¬ 
veloped,  and  the  mercury 
rose  in  the  tube  to  consider¬ 
able  heights .  Such  pressure  is 
termed  osmotic  pressure 
and  the  process  osmosis. 

Thus,  with  a  6  per  cent, 
solution  of  sugar,  a  height 
of  over  10  ft.  (307*5  cm.)  of 
mercury  was  attained. 

It  is  generally  believed  at 
the  present  time  that  solids 
in  dilute  solutions  obey  the 
three  great  gas  laws  of  Boyle, 
Gay-Lussac,  and  Avogadro, 
if  we  interpret  volume, 
pressure,  and  temperature  as 
meaning,  in  the  case  of  dis¬ 
solved  substances,  the  volume 
of  the  solution  in  which  the 
mass,  M,  of  the  substance 
is  contained,  the  osmotic 
pressure  of  this  solution,  the 
temperature  of  this  solution. 
Thus,  by  Pfeffer’s  results,  it 
was  shown — 

(1)  That  the  osmotic  pres¬ 
sure  increases  with  the 
strength  of  the  sohitioiis.  If  you  double  the  strength 
of  the  solution,  the  osmotic  pressure  is  also,  roughly, 
doubled,  thus — 


Fig.  35. — Pfeifer’s  appara¬ 
tus  for  estimation  of 
osmotic  pressure. 
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1  per  cent,  cane  sugar  gave  o.p.  =  53*5  cm, 

2  „  „  „  „  101-6  „ 

4  „  „  „  „  208-2  „ 


This  is  really  Boyle’s  law  (p.  105)  ;  i.e.  if  you 
squeeze  twice  as  many  molecules  into  the  same 
space  you  double  the  pressure. 

(2)  That  the  osmotic  pressure  varies  with  the  abso¬ 
lute  temperature.  A  solution  of  cane  sugar  gave— 


At  32°  0.  or  305 
„  14-P  C.  or  287-1 
,  54-4  X  287-1 


absolute  temp,  an  o.p. 


99 


of  54*4  cm. 
51-2 


99 


51-2. 


This  is  the  law  of  Charles  and  Gay-Lussac  (p.  132). 

(3)  That  molecular  weights  of  various  substances 
give  the  same  osmotic  pressure. 

Cane  -Sugar  (G12H22O11)  has  a  molecular  weight  of 
342  ;  alcohol  (C2H6O)  has  a  molecular  weight  of  46  : 
it  was  found  that  a  solution  containing  3'42  per 
cent,  of  cane  sugar  gave  the  same  osmotic  pressure 
as  one  containing  0’46  per  cent,  of  alcohol.  In  other 
words,  equal  volumes  of  liquid  which  give  equal 
osmotic  pressures  contain  the  same  number  of 
molecules.  This  is  Avogadro’s  law. 

Diffii«»ioii  of  g-ases.— If  a  jar  of  hydrogen  be 
placed  mouth  downwards  over  a  jar  of  oxygen 
(Fig.  36),  notwithstanding  the  fact  that  oxygen  is 
sixteen  times  as  heavy  as  hydrogen,  the  heavy 
oxygen  does  not  remain  in  the  lower  jar,  but 
mixes  with  the  light  hydrogen,  and  the  latter 
passes  downwards  and  mixes  with  the  heavy 
oxygen,  so  that  if,  after  an  hour,  a  light  be 
applied  separately  to  each  jar,  it  will  be  found  that 
the  gas  explodes. 

Graham  discovered  the  law  which  governs  the 
*  See  Luff  and  (Tandy’s  “JNranualof  Clieruistiy,” 
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rate  at  wliich  diEusion  of  different  gases  takes 
place.  The  velocity  of  diffusion  of  a  gas  varies 
inversely  as  the  square  root  of  its 
density.  Thus,  hydrogen  and  oxygen 
will  diffuse  with  relative  velocities  of 

1 


Fig.  36.— Dif- 


VI 

or,  in  other  words,  hydrogen  diffuses 
four  times  as  fast  as  oxygen. 

This  diffusion  takes  place  when  the 
gases  are  separated  by  a  porous  par¬ 
tition  of  clay  or  dry  plaster-of-Paris, 
and  thus  pressure  may  be  developed, 
as  in  the  experiment  shown  in  Fig.  37. 
A  Woulffe’s  bottle,  containing  some 
fusion  of  coloured  liquid,  is  fitted  with  two 

hydrogein^^  corks.  Through  one  passes  a  long 
glass  tube,  a,  nearly  to  the  bottom  of 
the  bottle.  Through  the  other  passes  a  short  tube 
B  which,  at  its  upper  end,  is  corked  firmly  into  a 
porous  pot  c,  filled,  at  first,  with  ordinary  air.  c  is 
covered  with  an  inverted  beaker  d,  which  can  be 
filled  with  hydrogen  by  the  tube  h.  As  soon  as  the 
hydrogen  enters  the  iDeaker  d,  diffusion  takes  place 
through  the  porous  pot  c  ;  air  passes  into  the  hydro¬ 
gen,  and  hydrogen  passes  into  the  air  ;  but  nearly 
four  times  as  much  hydrogen  passes  in  as  air  passes 
out,  so  pressure  is  developed  in  the  Woulfie’s  bottle, 
and  the  coloured  liquid  is  forced  up  the  tube  a. 

Capillarity.— We  have  already  (p.  35)  considered 
the  force  of  friction  between  the  surfaces  of  two 
solids  in  contact.  When  one  of  the  two  is  a  fluid, 
it  is  usual  to  assume  that  the  component  f  (Fig. 
11)  has  no  value,  but  that  the  whole  reaction  be¬ 
tween  the  surfaces  is  normal  and  represented  by 
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N.  This  assumption  is  not  strictly  true  of  any 
known  fluid,  but  it  may  be  said  to  define  the  char¬ 
acteristic  of  an  ideal  perfect  fluid.  As  N  and  W  alone 
cannot  be  in  equilibrium  unless  A  c  becomes  horizontal, 
it  follows  that  the  surface  of  a 
liquid  at  rest  must  be  a  hori¬ 
zontal  plane.  We  usually  find 
this  to  be  the  case,  and  the 
surface  of  mercury  in  an  open 
dish  is  often  employed  as  an 
artificial  horizon.  When,  how¬ 
ever,  the  liquid  is  contained 
in  narrow  tubes,  we  find  that 
the  free  surface  is  not  hori¬ 
zontal.  It  is  concave  when  the 
liquid  is  one  that  wets  the 
tube,  e.g.  water  (Fig.  3b),  but 
it  is  convex  in  the  case  of 
mercury,  which  does  not  wet 
the  tube.  Even  in  larger  tubes, 
or  vessels,  a  similar  tendency 
to  curvature  is  observed  in 
immediate  proximity  to  the 
sides  of  the  vessel.  The  same 
phenomenon  may  also  be  seen 
where  the  free  surface  of  a 
liquid  is  in  contact  with  the 
fine  stem  of  a  hydrometer 
floating  in  it. 

These  and  many  other 
effects,  some  of  which  will 
now  be  mentioned,  have  been 
ascribed  to  the  existence  of  a  stress  to  which  the 
name  surface  tension  has  been  given.  A  drop  of  liquid 
depending  from  a  pipette  does  not  hang  flat  as  a  chain 
would  hang,  but  assumes  a  more  or  less  spherical 


Fig.  37. — Pressure  pro¬ 
duced  by  diffusion  of 
hydrogen  into  air. 
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form  ;  nor  does  a  drop  lie  perfectly  flat  on  a  horizontal 
surface  as  it  would  if  the  force  of  gravity  were  entirely 
unopposed.  The  curious  movements  executed  by 
a  fragment  of  camphor  placed  on  the  surface  of 
warm  water  are  due  to  local  differences  of  surface 
tension  produced  by  partial  solution  of  the  camphor. 
Similar  local  differences  due  to  difference  of  tempera¬ 
ture  can  produce  movement  in  a  single  substance  : 
when  a  horizontal  metal  plate,  on  which  rests  a 


Fig.  38. — To  illustrate  capillarity. 


layer  of  oil,  is  heated  from  beneath,  not  uniformly 
but  at  a  selected  spot,  the  oil  over  this  spot  will  soon 
be  dragged  away  in  all  directions,  leaving  the  spot 
bare  ;  the  surface  tension  of  a  liquid  diminishes  as 
the  temperature  rises,  and  ultimately  vanishes  at 
the  critical  temperature.  The  “  tears  of  strong 
wine  ”  afford  another  familiar  illustration  ;  their 
formation  is  ultimately  due  to  the  fact  that  the 
surface  tension  of  water  is  much  higher  than  that 
of  alcohol. 
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If  a  drop  of  bisulphide  of  carbon,  coloured  pink  with 
a  trace  of  iodine,  be  suspended  in  a  mixture  of  sul¬ 
phuric  acid  and  water  of  the  same  specific  gravity,  the 
cohesion  of  the  liquid  particles  will  cause  the  drop  to 
take  the  form  of  a  sphere  which  floats  in  the  liquid  ; 
the  tension  thus  reduces  the  surface  of  the  given 
volume  to  a  minimum.  If  a  clean  metallic  hoop  or 
ring  be  dipped  in  a  solution  of  soap  and  withdrawn, 
a  film  of  the  liquid  remains  stretched  across  the  ring. 
If  a  thread  moistened  with  soap  solution  be  placed  on 
this  film  it  will  form  a  loop  of  any  desired  shape  as 
long  as  the  film  is  intact,  but  if  the  film  be  broken  it 
immediately  springs  into  a  circle.  This  is  due  to  the 
surface  tension  acting  on  one  side  of  the  loop  only,  and 
thus  dragging  it  out  into  a  circle.  If  a  soap  bubble 
be  blown  on  a  tube  and  the  mouth  be  withdrawn, 
the  bubble  will  be  seen  to  contract  and  become 
smaller  owing  to  the  action  of  the  surface  tension. 
If  from  a  small  pipette  we  deliver  a  bubble  of  air 
some  distance  below  the  surface  of  a  liquid,  the 
behaviour  of  the  bubble  on  reaching  the  surface 
depends  on  the  nature  of  the  surface.  In  ordinary 
water  the  bubble,  more  or  less  flattened  in  its  film 
of  water,  ’inay  travel  for  a  short  distance  across  the 
surface,  but  appears  unable  to  rise  from  the  surface 
and  soon  collapses.  In  soapy  water,  bubbles  are 
more  stationary  and  more  permanent,  and  may 
separate  from  the  surface  unbroken  ;  the  surface 
is  in  this  case  more  viscous,  while  the  tension  of  the 
soapy  film  is  less,  so  that  the  film  is  not  ruptured. 
Liquids  of  this  character  readily  froth  when  shaken, 
and  advantage  is  taken  of  this  circumstance  in 
measuring  the  hardness  of  water.  When  the  froth¬ 
ing  is  troublesome,  as  sometimes  in  pharmacy  or  in 
the  examination  of  urine,  the  addition  of  a  few  drops 
of  ether  or  alcohol  will  often  so  reduce  the  surface 
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viscosity  that  the  trouble  ceases  without  prejudice 
to  the  work  in  hand. 

If  a  clean  glass  tube  be  drawn  out  into  a  capillary 
tube  (Fig.  39),  and  one  end  of  the  capillary  tube  be 
immersed  in  some  ink,  the  liquid  will  be  seen  to 
rush  up  the  capillary,  and  will  remain  permanently 
above  the  level  of  the  main  bulk  of  the  fluid. 

The  height  to  which  the  fluid  will  rise  depends  (1) 
on  the  nature  of  the  tube,  (2)  on  the  nature  of  the 
fluid,  (3)  on  the  medium  in  which  the  experiment  is 
made,  (4)  on  the  size  of  the  tube,  varying  inversely 


Fig.  31). — Capillary  tube. 


C 


Fig.  40. — Surface  tension. 


as  the  radius  {see  below).  If  the  capillary  be  dipped 
in  mercury,  the  mercury  will  be  depressed.  Similarly, 
if  a  glass  tube  be  smeared  with  vaseline  and  dipped 
into  water,  the  level  of  the  water  will  be  depressed 
in  the  greasy  tube. 

The  cause  of  these  changes  in  level  is  surface  tension 
(Fig.  40).  The  surface  tension  on  the  inside  of  a  tube 
gives  rise  to  a  force  directed  along  the  tangent  to  the 
surface  of  the  fluid  at  c  d.  If  0  be  the  angle  which  this 
tangent  makes  with  the  vertical,  and  T  be  the  tension 
per  unit  length  of  the  circumference  of  contact,  T 
cos  6  will  be  the  vertical  component  per  unit  length, 
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and  therefore  2t  r.  T  cos  0  will  be  the  vertical  com¬ 
ponent  P  for  the  whole  circumference,  when  t  is  the 
internal  radius  of  the  capillary  tube.  Also,  if  the 
mean  capillary  elevation  be  li,  and  if  w  be  the  weight 
of  a  unit  volume  of  the  liquid,  the  weight  supported 
by  P  is 

. 2it  t.  T  cos  6  =  ir 

2T  cos  d  , 

— — -  =  h 

r.w 

Careful  experiments  have  confirmed  this  result. 

When  the  liquid  wets  the  tube,  contact  is  so  close 
that  we  may  regard  6  as  zero,  and  in  that  case  cos  0 
=  1,  and  the  direction  of  T  is  vertical ;  the  value 
thus  becomes 

Jl.T  ,W 

T  =  — - —  (gravitation  units) 


h.r.w.g 

' 


(absolute  units) 


Capillarity  produces  a  slight  error  in  the  reading 
of  the  level  of  the  mercury  in  the  barometer,  which 
becomes  greater  as  the  tube  becomes  narrower. 
Capillary  tubes  afford  a  most  convenient  method 
of  collecting  small  samples  of  pathological  fluids, 
vaccine,  etc. 

Exercises 

1.  If  the  surface  tension  of  water  at  20°  C.  be  74  dynes  per 
cm,,  to  what  height  will  the  liquid  rise  in  a  capillary  tube  of 
diameter  0-053  cm.  ? 

2.  If  water  of  unit  density  is  found  to  rise  to  a  height  of 
3-43  cm.  in  a  tube  of  diameter  0-084  cm.,  what  is  the  value 
of  the  surface  tension  of  the  liquid  ? 

(For  Answers,  see  p.  388.) 
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Transmission  of  Fluid  Pressure — Pascal’s  Principle — 
Flow  of  Liquids  in  Closed  Tubes — Atmospheric 
Pressure — Barometers — Water- Pumps — Siphon — Air- 
Pumps — Boyle’s  Law — Exercises. 

TraiisiiiHsioii  of  fluid  pressure. — We  have 
already  referred  (p.  56)  to  the  upward  vertical 
pressure  exerted  by  a  fluid  on  a  solid  which  is 
immersed  in  the  fluid.  We  were  then  only  con¬ 
cerned  with  vertical  forces,  but  it  is  not  difficult  to 
show  that  a  fluid  also  exerts  pressure  in  a  lateral 
direction.  If,  for  instance,  a  small  area  in  the  side 
of  the  beaker  A  (Eig.  22,  p.  57)  were  cut  round, 
the  pressure  of  the  liquid  would  force  the  piece 
outwards  unless  it  were  kept  in  place  by  an  equal 
and  opposite  force.  Experiment  also  shows  that 
this  force  must  be  proportional  (1)  to  the  area,  and 
(2)  to  the  depth  of  the  centre  of  gravity  of  this  area 
below  the  surface  of  the  liquid.  In  fact,  the  fressiire 
of  a  fluid  on  a  surface  immersed  in  that  fluid  is  equal 
to  the  weight  of  a  column  of  fluid  whose  cross-section 
has  the  area  of  the  surface  immersed,  and  whose 
height  is  the  vertical  distance  between  the  surface 
of  tlie  fluid  and^the  centre  of  gravity  of  the  immersed 
surface. 

This  property  of  transmitting  pressure  equally  in 
all  directions  was  recognized  as  a  property  of  fluids 
by  Blaise  Pascal  (1623-1662),  the  eminent  French 
mathematician,  and  is  therefore  often  called  “  Pascal’s 
principle.” 
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If  we  take  a  fiat  block  of  wood  resting  on  a  table 
and  press  it  vertically  downwards,  it  will  have  no 
tendency  to  move  sideways  ;  a  solid  only  transmits 
pressure  in  the  direction  in  which  this  is  applied. 
If,  however,  we  take  a  vessel  filled  with  water, 
having  tubes  inclined  in  various  directions,  and 
apply  vertical  downward  pressure  by  means  of  the 
piston  A  (Fig.  41),  the  liquid  will  rise  to  the  same 
vertical  height  in  all  the  tubes,  irrespective  of  their 


Fig.  41. — Transmission  of  pressure  by  fluids  in  all  directions. 

directions.  Moreover,  if  the  tube  in  which  the 
piston  works  has  a  cross  section  of  4  sq.  in.,  and 
each  of  the  small  tubes  has  a  cross  section  of  I  sq.  in., 
it  will  be  found  that  if  a  force  of  4  lb.  wt.  be  applied 
by  the  piston,  a  force  of  I  lb.  wt.  must  be  applied 
at  each  of  the  other  apertures  to  prevent  the  fluid 
from  rising  in  the  tubes  or  the  piston  from  descend¬ 
ing.  The  pressure  per  square  inch  is  therefore  equal. 
Conversely,  if  a  pressure  of  1  lb.  wt.  be  applied  to  an 
area  of  1  sq.  in.  it  will  produce  by  transmission  to  an 
area  of  10  sq.  in.  a  pressure  of  10  lb.  wt.  Theoretically^ 
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there  is  no  limit  to  this  multiplication  of  pressure,  but 
in  practice  it  is  limited  by  the  fact  that  the  mechanical 
apparatus  by  which  the  pressure  is  transmitted  and 
applied  must  also  support  the  strain.  The  improve¬ 
ments  of  Bramah  and  others  have,  however,  enabled 
us  to  transmit  in  this  way  enormous  pressures,  and 
the  hydraulic  'press  is  an  instrument  of  the  greatest 
value  in  engineering  operations. 

Flow  of  liquids  in  closed  tubes.— In  our 
consideration  (p.  83)  of  the  direction  and  magnitude 
of  the  pressure  exerted  by  a  liquid  on  a  surface, 


Fig.  42. — To  illustrate  flow  in  closed  tubes. 


we  have  hitherto  supposed  the  liquid  wliich  was 
exerting  and  transmitting  pressure  to  be  a  stationary 
mass,  the  pressure  being,  in  fact,  a  stress  produced 
by  two  equal  and  opposite  forces,  action  and  reaction 
(p.  28).  If  this  condition  is  not  fulfilled,  but  the 
pressure,  at  one  point,  P^,  is  greater  than  the 
pressure,  p2,  at  another  point,  Pg,  then  this  difference 
of  pressure,  —  p2,  will  result  in  a  force  tending 
to  produce  'tnotio'u  or  flow. 

In  Fig.  42  the  reservoir  a  is  connected  with  a 
tube  which  at  first  descends  vertically  to  and  then 
proceeds  at  right  angles  to  p^.  So  long  as  the  tap  in 
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connection  with  the  end  Pg  is  closed,  the  force  tending 
to  produce  flow  is  balanced  by  an  equal  and  opposite 
force  reacting  from  the  closed  tap,  and  the  pressures 
at  Pj  and  P2  are  equal.  Directly  the  tap  is  opened 
this  reacting  force  is  removed,  and  the  difference 
Pi— P2)  due  to  the  vertical  height  (h)  of  the  water 
level  in  a  above  p^,  at  once  becomes  effective  and 
causes  the  water  to  flow  from  the  tap.  Similarly, 
if,  without  opening  the  tap,  local  difference  of  pressure 
can  be  created  in  a  closed  tube,  or  system  of  tubes, 
flow  will  take  place  and  continue.  The  velocity  of 
flow  will  depend  upon  the  ratio  of  the  constant 
difference  —  pg  to  the  distance  p^  P2,  and  is 


therefore  proportional  to 


V1-V2 

PxP^’ 


which  is  the  differ¬ 


ence  of  pressure  per  unit  of  length.  This  velocity  is 
therefore  greater  from  short  tubes  than  from  long 
ones,  other  things  being  equal. , 

Torricelli’s  law, — If  H  is  maintained  constant, 
the  maximum  velocity  F  of  outflow  is  given  by 
=  ‘^g  H,  and  this  must  occur  when  the  tube  Pj  P2 
is  the  shortest  possible,  as,  for  instance,  when  the 
aperture  is  in  the  side  of  a  vessel.  If  the  frictionless 
ideal  (p.  77)  were  realized,  so  that  no  energy  was 
spent  in  overcoming  any  resistance  due  to  the 
viscosity  of  the  liquid  or  to  the  surface  of  the  tube, 
etc.,  then  the  velocity  would  be  the  same  at  P2 
whether  the  horizontal  arm  p^  P2  were  long  or  short. 
In  practice,  however,  these  resistances  do  exist, 
and  the  velocity  therefore  diminishes  with  the  length. 
The  actual  velocity  at  Pg  is  therefore  given  by 
—  2g  where  is  some  vertical  height  less 
than  H.  H  is  sometimes  called  the  ‘‘  head  of  water  ” 
and  hv  the  ‘‘  velocity-head  ”  ;  at  P2  the  tube  pressure 
is  nil,  but  at  the  beginning  of  the  tube  it  may 
be  represented  as  due  to  a  vertical  column  of  the 
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liquid  of  height  and  is  called  the  ‘‘  pressure- 
head.” 

The  three  heads  ”  are  connected  by  the  relation 
H  =  /q,  -f-  h,.  We  have  supposed  the  tube  of  flow 
to  be  straight,  uniform,  and  rigid.  Departure  from 
these  conditions  renders  the  problem  more  complex. 
As  might  be  expected,  hends  in  the  tube  act  to  a 
certain  extent  as  obstacles  and,  by  increasing  the 
resistance,  diminish  the  velocity.  If  the  tube  is  not 
uniform  in  diameter,  the  changes  of  pressure  and 
velocity  will  not  be  uniform.  The  velocity  of  flow 
will  be  greater  in  the  narrow  parts  and  less  in  the 
wide  parts  of  the  circuit.  Conversely,  since  h^,  is 
greater,  h^  will  be  less  ;  that  is,  the  pressure  will 
diminish  in  the  narrow  places  and  increase  in  the 
wide  ones,  into  which  their  more  rapid  flow  is 
directed. 

In  a  system  of  branched  tubes  originating  from 
a  main  tube,  both  bends  and  variation  in  calibre 
may  be  found.  In  such  a  system  the  sum  total  of 
the  cross  sections  of  the  various  branches  will 
generally  be  {a)  greater  or  (6)  less  than  the  cross 
section  of  the  parent  tube.  In  the  former  case, 
other  things  being  equal,  the  resistance  is  diminished 
and  the  velocity  may  therefore  increase.  In  the 
latter  case  the  resistance  is  increased  and  the  velocitv 
diminished. 

Other  things,  however,  are  not  often  equal,  and 
what  is  gained  by  extended  cross  section  in  a  svstem 
of  many  branches  may  be  lost  by  the  increased 
resistance  offered  by  the  narrow  calibre  of  the  indivi¬ 
dual  tubes.  On  the  other  hand,  a  system  with 
few  branches  may  be  compensated  by  the  efficiencv 
of  each  branch.  Thus,  in  a  blood  system  of  either 
type  we  ma}^  find  the  same  blood-pressure  (7q,)  in 
the  aorta. 
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Lastly,  if  the  tubes  are  not  rigid  but  elastic,  we 
must  expect  the  features  of  the  flow  to  be  modified 
by  the  change. 

In  the  human  vascular  system  the  three  departures 
from  simplicity  now  noticed  are  all  present.  More¬ 
over,  the  initial  pressure  is  not  a  continuous  but  a 
periodic  one.  The  system  as  a  whole  is  also  so 
sensitive  to  nervous  impulses  that  it  presents  many 
features  not  found  in  the  simple  hydraulic  exemplifi¬ 
cations  to  which  reference  has  been  made.  A  full  dis¬ 
cussion  of  its  features  would  here  be  out  of  place,  but 
one  or  two  may  now  be  mentioned  which  serve  to 
illustrate  what  has  been  said  above. 

The  muscular  contraction  of  the  left  ventricle  of 
the  heart  forces  blood  into  the  aorta,  the  trunk  tube 
of  the  arterial  system.  The  pressure  so  produced, 
transmitted  laterally,  distends  the  elastic  wall  of 
the  artery,.,  which,  by  reaction,  recovers  its  original 
form  and  passes  the  impulse  on.  The  pressure 
continues  to  be  propagated  in  this  way,  weakening 
as  it  goes,  till  it  reaches  the  capillaries,  the  network 
of  fine  tubes  into  which  the  trunk  tube  has  bv 
continued  branching  been  converted.  Their  total 
capacity  far  exceeds  that  of  the  parent  tube,  and  in 
the  widened  bed  the  stream  flows  more  slowly  ;  the 
velocity  is,  in  fact,  found  to  diminish  from  the  aorta 
to  the  capillaries.  The  capillaries  now  gradually 
unite  into  veins  which  have  a  diminished  total 
capacity,  and  the  stream  again  flows  in  its  narrower 
bed  with  increased  velocity.  The  mean  pressure 
diminishes  gradually  from  the  aorta  to  the  capillaries. 
In  the  veins  it  is  very  slight,  so  that  the  effective 
difference  of  pressure  is  always  directing  flow  from 
arteries  to  veins. 

Atiiiosplierie  |>i‘essin*€\— Tliis  property  of  trans¬ 
mitting  pressure  equally  in  all  directions  is  possessed 
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by  all  fluids,  gases  as  well  as  liquids.  The  pressure 
exerted  by  the  atmosphere,  for  instance,  is  trans¬ 
mitted  to  any  surface  with  which  it  is  in  contact. 
This  pressure  is  caused  by  the  weight  of  the  super¬ 
incumbent  atmosphere.  Any  instrument  which 
enables  us  to  measure  this  pressure  is  called  a 
barometer. 

The  simplest  form  of  barometer  (Fig.  43)  consists 

of  a  glass  tube  closed  at 
one  end,  filled  with  mer¬ 
cury,  and  inverted  in  a 
cistern  of  mercury.  The 
tube  must  be  at  least 
32  in.  long.  It  need  not 
be  absolutely  uniform  in 
diameter.  In  this  tube  the 
vertical  height  of  the  mer¬ 
cury  column,  above  the 
surface  of  the  mercury  in 
the  cistern,  will  be  about 
30  in.,  if  measured  at  sea 
level.  The  space  above 
the  mercury  is  practically 
a  vacuum,  as  it  contains 
nothing  but  a  small  quan¬ 
tity  of  mercury  vapour — it 
is  termed  the  Torricellian 
vacuurn.  The  reason  why 
the  mercury  usually  stands  about  30  in.  at  the 
sea  level  is  that  a  vertical  column  of  mercury  of 
this  height  balances  the  weight  of  the  atmosphere 
pressing  downwards  on  the  surface  of  the  mercury 
in  the  cistern.  The  vertical  downward  pressure  of 
the  atmosphere  on  the  surface  of  mercury  in  the 
cistern  is  transmitted  through  the  fluid,  and  presses 
the  mercury  in  the  barometer  tube  vertically  up- 


Fig.  43. — Barometer  tube  and 
cistern . 
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wards  until  the  column  of  mercury  balances  the 
atmospheric  pressure. 


IViiiiierical  values  of  tlie  atmospheric 
pressure. — We  can  therefore  calculate  the  pressure 
of  the  atmosphere  per  sq.  in.  It  supports  a  column 
of  30  cub.  in.  of  mercury ;  mercury  is  13-6  times  as 
heavy  as  water,  and  1  cub.  in.  of-  water  weighs 


^00 

U728 


oz.  ;  therefore,  atmospheric  pressure  per  sq.  in. 


=  30  X  13-6  X 
=  14-75  lb.  wt. 


1,000 

i,ra 


oz.  wt. 


In  the  O.G.S.  system  the  normal  height  of  the 
barometer  is  76  cm.,  and  the  pressure  per  sq.  cm.  is 
therefore  the  weight  of  76  c.c.  of  mercury — 


=  76  X  13-6  grm.  wt. 

=  76  X  13-6  X  981  dynes 
=  1,013,961-6 

or,  in  round  numbers,  one  million  dynes  (a  megadyne) 
per  sq.  cm. 


Heig^lit  of  the  atmosphere  if  homog^eiie- 
ous.— The  specific  gravity  of  dry  air  at  the  surface  of 
the  earth,  compared  to  water,  is  0-001293,  and  compared 

0-001293 

to  mercury  will  therefore  be  — — .  To  balance  a 


13-6 


column  of  30  in.  of 


merccury,  a 

1  .  ,  13-6 

must  have  a  height  of  30  x 


0-001293 


column  of  this  air 
in.,  or  nearly  five 


miles. 

This  is  therefore  the  height  to  which  the  atmosphere 
would  extend  if  it  were  all  composed  of  dry  ah  of  the 
same  density  as  at  the  surface  of  the  earth.  In  reality 
the  air  is  not  homogeneous,  but  becomes  less  dense  as 
we  ascend  above  the  earth,  and  it  therefore  extends 
to  a  much  greater  height  than  five  miles. 


Vai'iatioiis  in  atmospheric  pressure. — 

When  the  atmospheric  pressui’e  decreases,  the 
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mercury  sinks  in  the  tube  ;  when  it  increases,  the 
mercury  rises. 

The  three  principal  causes  of  these  variations  are — 
changes  in  temperature,  changes  in  the  amount  of 
aqueous  vapour,  and  mechanical  movement  of  the 
atmosphere  upwards  or  downwards.  If  the  tempera¬ 
ture  rises  the  air  expands,  and  the  weight  of  a  given 
column  is  less.  If  aqueous  vapour  displaces  dry  air 
the  pressure  is  also  diminished,  since,  referred  to  hy¬ 
drogen,  the  specific  gravity  of  aqueous  vapour  is  9, 
but  that  of  air  is  14*4.  When  the  circulation  of  the 
air  is  cyclonic  there  is  an  upward  suck  in  the  centre 
of  the  cyclone  which  diminishes  the  pressure,  whereas 
in  an  anticyclone  there  is  a  downward  movement  of 
the  air  in  the  centre  and  the  pressure  is  increased. 
In  this  part  of  the  globe,  during  the  winter,  the 
high  barometer  is  over  the  cold  plains  of  Russia  ; 
but  in  the  summer  the  high  barometer  will  be 
found  over  the  Atlantic,  which  is  cool  as  compared 
with  the  heated  continent  of  Europe.  Roughly 
speaking,  in  this  country  change  of  temperature 
may  produce  a  variation  of  half  an  inch  in  the 
height  of  the  barometer.  Change  in  the  amount 
of  aqueous  vapour  may  be  the  cause  of  a  variation 
of  about  equal  magnitude,  while  mechanical  move¬ 
ment  may  alter  the  height  to  the  extent  of  about 
IJ  in. 

In  weather  maps,  lines  of  equal  barometric  read¬ 
ings  are  marked  :  these  are  termed  isoharic  lines. 
In  a  cyclone  (Fig.  44)  the  lowest  barometer  is  in 
the  centre,  and  the  winds  circulate  round  the 
centre  in  a  direction  opposite  to  that  in  which 
the  hands  of  a  clock  revolve.  In  an  anticyclone  the 
highest  barometer  is  in  the  centre,  and  the  winds 
circulate  in  the  same  direction  as  that  taken  by 
the  hands  of  a  clock.  In  the  southern  hemisphere 
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the  direction  of  the  wind  in  a  cyclone  and  in  an 
anticyclone  is  reversed. 

As  the  height  of  the  barometric  column  depends 
on  the  weight  of  the  atmosphere,  it  is  obvious  that, 
as  we  ascend  a  mountain  and  leave  more  and  more 
of  the  air  beneath  us,  the  barometer  will  go  down. 
If  the  atmosphere  were  homogeneous,  we  have  seen 
(p.  89)  that  approximately 

30  in.  of  mercury  =  5  miles  of  atmosphere 
or,  1  „  „  =  1  mile 

therefore  the  mercury  barometer  would  fall  1  in.  foJ^ 


Anticyclone. 


Cyclone. 


Fig.  44. — Barometric  pressure  and  direction  of  wind. 


every  ascent  of  J  mile,  or  880  ft.  As  the  atmosphere 
is  not  really  homogeneous  but  gets  lighter,  a  rather 
greater  ascent  is  required ;  the  mercury  column  falls 
1  in.  for  every  rise  of  933  ft.  approximately.  So  we 
can  determine  the  height  of  a  mountain  by  noting 
the  difference  between  the  barometer  readings  at 
its  base  and  at  its  summit. 

Corrections  to  be  applied  in  reading^  an 
ordinary  barometer.— Since  the  height  of  the 
barometer  at  any  particular  station  will  evidently 
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depend  to  some  extent  (a)  upon  the  height  of  the 
station  above  sea  level,  and  (6)  upon  the  temperature 
of  the  mercury,  it  is  usual,  for  purposes  of  comparison, 
to  reduce  the  observed  height  to  the  value  it  would 
have  at  0°  C.  and  at  sea  level.  The  reading  is  also 
liable  to  be  reduced  by  capillarity  and,  in  some  forms 
of  barometer,  by  cistern  error.  This  arises  owing 
to  the  brass  scale  of  inches  or  millimetres  being 
fixed,  while  the  level  of  the  mercury  in  the  cistern 
varies.  If  the  atmospheric  pressure  diminishes, 
the  mercury  falls  in  the  barometer  tube,  runs 
out  into  the  cistern,  and  raises  its  level.  Now, 
the  distance  we  wish  to  measure  is  the  vertical 
height  between  the  level  of  the  mercury  in  the 
cistern  and  the  level  of  the  mercury  in  the  tube — 
the  distance  a  b  (Eig.  43).  If  the  mercury  falls  to 
c,  the  mercury  in  the  cistern  rises  to  d,  and  we 
want  to  measure  the  distance  c  d  ;  but  if  the  scale 
is  fixed,  we  really  measure  c  B,  and  the  result  is 
too  great  by  the  length  d  b. 

One  way  of  avoiding  this  error  is  to  make  the  scale 
of  inches  untrue,  so  as  to  allow  for  the  alteration  in 
the  cistern  level ;  but  the  more  general  plan  is  to 
have  the  bottom  of  the  cistern  made  of  leather  so  as 
to  be  movable,  a  device  we  owe  to  Fortin.  In  Fig.  45 
will  be  found  a  diagrum  giving  the  construction 
of  the  cistern  :  a  is  the  barometer  tube,  b  the  scale 
which  ends  in  a  white  ivory  point  p,  c  c  the  upper 
part  of  the  cistern,  which  is  made  of  glass  ;  into  this 
fits  a  boxwood  tube  d  d,  to  the  lower  end  of  which 
is  wired  a  leather  bag  e  e.  The  whole  of  the 
cistern  and  the  bag  is  filled  with  mercury.  Before 
reading  the  barometer  the  screw  f  is  turned  until 
the  surface  of  the  mercury  touches  the  point  p,  which 
is  the  zero  of  the  scale.  The  reading  then  gives  the 
correct  height  of  the  barometer  above  the  cistern. 
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The  vernier  used  with  this  instrument  is  described 
later  (p.  391). 

Temperature  error. — This  is  due  to  the  fact 
that  brass  (of  which  the  scale  is  usually  made)  and 
mercury  expand  at  different  rates  when  heated. 
The  error  is  corrected  by  means  of  tables  which  have 
been  calculated  for  the  purpose  (p.  430). 


Fig.  45.— Cistern  of  Fortin’s  Fig.  40. —Siphon  barometer, 
barometer. 


Capillarity  error. — Mercury  is  depressed  in  glass 
(p.  80),  so  that  in  a  narrow  tube  it  stands  lower  than 
in  a  wide  one.  This  is  also  corrected  by  tables. 

Error  due  to  height  above  sea  level, — As  a  height 
of  933  ft.  causes  a  difference  of  1  in.  in  the  height 
of  the  barometer,  it  is  obvious  that  the  height  of 
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the  observing  station  must  be  known.  This  can 
be  ascertained  by  consulting  the  ordnance  maps  of 
the  district,  or  by  comparing  the  height  with  that 
of  Some  known  station  by  means  of  some  form  of 
portable  barometer. 

Siphon  haroiiieter.— In  this  form  the  open  end 
of  the  barometer  tube  is  turned  up  to  form  a  cistern 
(Fig.  46).  The  vertical  distance  between  the  two 


r\ 


Fig.  47.— Construction  of  a 
wheel  barometer. 


Fig.  48.— Testing  a 
barometer. 


ends  of  the  barometric  column  indicates  the  atmo¬ 
spheric  pressure.  This  distance  is  measured  by 
means  of  a  scale  attached  to  the  instrument. 

The  wheel  harometer  is  a  siphon  barometer, 
and  the  movements  of  the  mercury  are,  more  or  less, 
indicated  by  the  oscillations  of  a  counterpoised  glass 
float  A,  which,  as  it  rises  and  sinks  with  the  mercury, 
turns  the  index  on  the  face  of  the  barometer  (Fig.  47). 
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A  barometer  tube  can  be  tested  as  to  its  freedom 
from  air  by  gently  inclining  it.  If  there  is  no  air 
the  mercury  runs  up  with  a  metallic  click  and  fills 
the  tube  ;  if  there  is  any  air,  the  bubble  at  once 
becomes  evident  {see  Fig.  48). 

Olyceriii  barometer.— Other  liquids  instead  of 
mercury  have  been  used  to  fill  barometer  tubes. 
The  height  of  a  column  of  water  equivalent  to  the 
30-in.  column  of  mercury  must  be  30  X  13*6  in., 
which  is  equal  to  34  ft.  This  would,  therefore,  be 
the  ordinary  height  of  a  water  barometer.  Glycerin 
is  about  1-27  times  as  heavy  as  water  ;  the  height 

34 

of  a  glycerin  barometer  would  therefore  be  ft., 

i.' A I 

or  rather  more  than  26  ft.  9  in.  The  variations  in 
the  glycerin  barometer  are  therefore  about  eleven 
times  as  great  as  when  mercury  is  used,  but  no 
particular  advantage  seems  to  be  gained  by  this 
increased  movement,  as  small  variations  are  easily 
and  accurately  read  by  means  of  the  vernier  (p.  391). 
Tliere  is  a  glycerin  barometer  at  the  Geological 
Museum  in  Jermyn  Street. 

The  density  of  the  atmosphere  diminishes  in  geo¬ 
metrical,  as  the  altitude  increases  in  arithmetical, 
progression.  Thus  at  18,100  ft.  the  air  has  doubled 
its  volume  ;  at  twice  that  height  (36,200  ft.)  the 
volume  of  the  original  mass  is  quadrupled. 

The  aneroid  barometer,  so  called  because  it 
has  no  liquid  (a,  priv. ;  v-qpoq,  a  liquid),  consists  of  a  flat, 
metallic  circular  box  (a,  Fig.  49),  with  a  corrugated 
lid  thinner  than  the  bottom.  This  box  is  partly 
exhausted  of  air.  When  the  atmospheric  pressure 
increases,  the  box  lid  is  forced  in;  and  when  the 
pressure  diminishes,  the  elasticity  of  the  air  inside 
forces  the  top  out.  The  rest  of  the  instrument  con- 
sists  of  a  mechanism  for  rendering  this  minute  mov(^' 
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ment  of  the  top  of  the  box  visible.  A  stud  of  brass 
B  is  fixed  on  the  lid  and  bolted  to  a  strong  lever  c 
near  its  fulcrum  d  ;  the  other  end  of  the  lever  is 
pressed  upwards  by  a  spiral  spring  e,  which  tends  to 
lift  the  top  of  the  box.  The  movement  of  the  top 
is  thus  magnified,  and,  by  means  of  a  series  of  bell 
crank  levers,  etc.,  turned  into  the  rotary  ^notion  of 
the  hand  on  the  dial. 

The  graduations  on  the  dial  of  an  aneroid  are 
made  by  comparing  its  indications  with  those  of  a 
mercury  barometer.  The  mechanism  is  somewhat 
delicate  and  may  become  displaced^,  rendering  the 
instrument  inaccurate.  When,  therefore,  the  reading 


Fig.  49. — Construction  of  aneroid  barometer. 


of  an  aneroid  barometer  is  of  importance,  as  in  fixing 
the  height  of  a  mountain,  it  should  always  be  checked 
by  comparison  with  a  standard  mercury  barometer. 

The  terms  “  stormy,”  “  set  fair,”  etc.,  engraved 
on  the  dials  of  barometers  are  of  but  little  sig¬ 
nificance,  except  to  indicate  that  if  the  barometer 
falls  the  weather  tends  to  become  wet,  warm,  and 
windy  ;  if  it  rises  it  is  likely  to  be  fine  and  dry.  In 
barometers  for  use  at  about  the  sea  level,  “  change  ” 
is  usually  placed  at  29‘5  in.,  and  “  fair  ”  at  30‘2  in. 

Ordinary  Pumps 

The  action  of  ordinary  pumps  depends  on  the 
atmospheric  pressure. 

Lift  pump. — This  consists  of  a  barrel  (Fig.  50) 
in  which  works  a  piston  a  having  a  valve  open- 
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ing  upwards.  To  the  bottom  of  the  barrel  is  con¬ 
nected  the  pipe  passing  down  into  the  well.  At 
the  top  of  this  pipe  is  a  second  valve  b,  also 
opening  upwards.  The  pump  has  usually  to  be 
“primed”  by  pouring  in  water  until  the  barrel 
is  full.  When  the  piston  descends, 
the  valve  a  opens,  and  the  water 
passes  through  and  is  at  the  end 
of  the  stroke  above  the  .piston  ;  at 
the  up-stroke  the  valve  a  closes, 
the  atmospheric  pressure,  acting  on 
the  surface  of  the  water  in  the  well, 
forces  the  water  through  the  valve  b, 
c)  and  fills  the  barrel,  while  the  water 
which  was  above  the  piston  is  lifted  up 
and  runs  out  at  the  spout.  It  is  b 
obvious  that  the  valve  b  must  not 
be  much  more  than  30  ft.  above  the 
level  of  the  water  in  the  well.  If 
it  were  over  34  ft.  the  pump  would  be 
t  converted  into  a  water  barometer, 
and  the  atmospheric  pressure  would 
f':|  not  be  able  to  fill  the  upper  part 
with  water.  The  height  to  which 
liij  water  can  be  raised  by  the  lift  pump 
is  limited,  because,  as  the  distance 
of  the  spout  above  the  piston  in¬ 
creases,  the  weight  of  water  on  the  piston  during 
the  lift  becomes  so  greai  that  the  pump  is  un¬ 
workable. 

Force  piiiiip. — In  this  pump  (Fig.  51)  the  piston 
is  solid,  and  the  water  is  forced  up  a  side  pipe  c, 
which  has  at  its  lower  end  a  valve  a  opening 
outwards.  The  pipe  to  the  well  has  at  its  upper 
end  a  valve  b  opening  upwards.  When  the  piston 
descends  the  water  is  forced  through  the  valve  A 


Fig.  50. -Lift 
pump. 
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and  up  the  pipe  c.  During  the  up-stroke  the 
barrel  is  filled  with  water  by  the  atmospheric  pres¬ 
sure,  as  in  the  lift  pump.  The  valve  b  must  not 
be  much  over  30  ft.  above  the  well,  but  the  pipe 

0  can  be  of  any  reasonable 
lieight.  In  this  pump  the  floAv 
of  water  is  discontinuous.  When 
a  continuous  flow  is  required,  as 
in  a  fire-engine,  an  air  chamber 
is  introduced  (Fig.  52).  Usually 
two  force  pumps  deliver  water 
through  the  tubes  a  and  b,  each 
furnished  with  a  valve  opening 
inwards.  The  strong  chamber  c 
is  only  partly  filled  with  water, 
and  each  stroke  of  the  pumps 
compresses  the  air  in  the  upper 
part  of  c.  This  compressed 
air  forces  a  fairly  continuous 
stream  of  water  up  the  pipe  d. 

The  si|>hoii  is  another  in¬ 
strument  in  which  the  atmos¬ 
pheric  pressure  is  utilized.  This 
apparatus  consists  of  a  bent 
tube  of  glass,  metal,  etc.  (Fig. 
53),  one  leg  of  the  bend  being 
longer  than  the  other.  It  is 
used  for  transferring  fluid  from 
one  vessel  to  another  at  a 
lower  level.  The  siphon  is  filled 
Fig.  51.  —Force  pump,  with  the  fluid  and  the  short  leg 

immersed  in  the  vessel  to  be 
emptied.  Now  consider  a  particle  at  the  top 
of  the  bend  at  a  :  it  is  acted  on  bv.two  forces — 
(1)  the  pressure  of  the  atmosphere  transmitted  up 
the  column  c  a  and  therefore  reduced  by  the  vertical 
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height  A  Q  of  the  jiquid  ; 
atmosphere  transmitted  up 


P’ig.  52. — Air  chamber  for 
continuous  flow. 


A 


(2)  tlie  pressure  of  the 
the  column  b  a  and 
therefore  reduced  bv 
tlie  vertical  height  a  p 
of  the  liquid.  If  H  is 
tfie  height  of  a  true  ba¬ 
rometer  containing  this 
liquid,  (1)  =  H  —  A  Q, 
and  (2)  =  H-  A  P,  (1) 
urges  the  particle  from 
A  to  B,  but  (2)  urges  it 
from  A  to  c,  and,  since 
(2)  is  the  greater  force, 
the  particle  moves  to 
wards  c,  and  the  at¬ 
mospheric  pressure 
forces  the  fluid  up  the 


LJb 

Fig.  64. — Automatic  flushing 
cistern. 


short  limb  until  the  vessel  is  emptied.  It  is  clear 
that  there  will  be  no  effective  force  (2)  unless  a  p 
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is  less  than  H',  lienee,  if  the  liquid  is  water,  A  must 
be  less  than  34  ft.  in  vertical  height  above  the  level 
in  B. 

The  siphon  is  very  useful  for  automatic  flushing. 
A  small  stream  of  water  flows  into  a  cistern  (Fig.  54), 
and  the  water  rises  until  it  fills  the  top  bend  of  the 
siphon  at  c.  The  siphon  then  acts,  and  a  powerful 
rush  of  water  issues  from  d  until  the  cistern  is 
emptied,  when  the  process  is  repeated.  A  similar 
construction  is  employed  in  the  Soxhlet  extraction 
apparatus. 


Fig.  55. — Common  air  pnmp. 

Air  Pumps 


The  ordinary  air  pump  acts  exactly  like  a  lift 
pump,  but  the  valves  are  made  of  oil  silk.  Instead 
of  lifting  water  out  of  a  well,  it  sucks  air  out  of 
a  glass  bell-jar  (Fig.  55),  called  a  receiver  a,  which 
rests  on  a  brass  plate  b  ground  flat  and  smeared 
with  grease. 

The  common  bicycle  pump  (Fig.  56)  is  still  simpler 
in  construction.  Instead  of  a  rigid  piston  with  a 
movable  valve,  the  piston  itself  is  made  of  thin 
copper,  or  stouter  indiarubber,  sufflciently  flexible 
to  serve  as  a  valve.  The  piston  has  somewhat  the 
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shape  of  a  bell  or  inverted  cup.  At 
the  wp-stroke  a  vacuum  tends  to 
form  below  p,  but  the  air  above 
forces  its  way  past  the  piston, 
which  becomes  slightly  more  cylin¬ 
drical  (1)  as  the  air  passes  between 
it  and  the  wall  of  the  pump.  At  the 
doiPH-stroke  the  flexible  bell  spreads 
out  (2)  and  drives  the  air  before  it 
through  a  valve  leading  into  the 


P 


a 


s 


tyre. 

The  Tate  air  pump  (Fig.  57) 

is  a  more  effective  form  of  pump. 

The  barrel  is  about  twice  as  long 
as  in  the  common  pump,  and  there 
are  two  solid  pistons  a  and  b  firmly 
connected  together  by  the  piston 
rod  c.  At  each  end  of  the  barrel 
is  a  valve  opening  outwards,  d  and 
E.  If  the  pistons  be  pulled  out¬ 
wards,  the  air  between  b  and  e  is 
forced  out^  through  the  valve  E 
and  escapes.  As  a  moves  with  b  the  d  valve  shuts, 
and  the  space  between  d  and  a  is  a  vacuum,  until  the 


S  f-* 


T  r 


Fig.  5G. — Common 
bicycle  pump. 


Fig.  57. — Tate  air  pump. 
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piston  A  passes  the  hole  f  leading  to  the  receiver, 
when  air  rushes  in  from  the  bell-jar,  to  be  forced  out 
at  the  valve  d  when  the  pistons  are  pushed  inwards. 
A  similar  action  takes  place  with  piston  b  and  the 
space  B  E. 

Ex.  :  If  V  be  the  volume  of  the  bell  jar  and  v  the 
volume  of  air  removed  by  the  pump  at  each  stroke,  it 
is  clear  that  a  volume  P-of  air  expands  to  E-f  p,  and 
therefore  becomes  rarefied.  If  the  original  density  p,  is 
reduced  to  we  have 

k  X  P„  =  { k  +  v)  X  Pi 
;■  >  ’  ]/ 

^and,  therefore,  pi  =  p„  x  — 

V  V 

Similarly,  the  density  'p2,  after  a  second  stroke, 
and  finally,  after  ?i  strokes, 


In  the  pumps  described  above  tlie  valves  are  opened 
by  the  compressed  air,  and  when  the  air  is  much 
rarefied  it  has  not  elastic  force  enough  to  open  the 
valve,  and  the  pump  ceases  to  act.  As  a  consequence 
such  pumps  cannot  reduce  the  air  pressure  below 
1  mm.  or  2  mm. — i.e.  if  they  are  connected  with 
a  vertical  glass  tube,  the  lower  end  of  which  dips 
into  mercury,  they  cannot  raise  the  mercury  to 
more  than  758  or  759  mm. 

A.  mn?h  better  vacuum  can  be  obtained  by  using  a 
valve  we  rked  mechanically,  as  in  the  Fieiiss  i>iiiiip. 
In  this  (Fig.  58)  the  piston  has  a  boss  a,  which 
lifts  the  valve  b  mechanically,  in  the  up -stroke.  The 
valve  is  closed  by  the  spiral  spring  c.  Both  the 
valve  and  the  piston  have  a  layer  of  oil  o  o.  In  the 
up-stroke,  as  soon  as  the  piston  passes  the  aperture 
D,  the  air  above  the  piston  is  forced  out  at  the  valve 
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B.  which  is  lifted  by  the  boss  A.  At  the  down-stroke 
the  valve  b  is  closed  by  the  spring  c  ;  a  vacuum  is 
formed,  and,  as  soon  as  the  piston  is  below  the 
aperture  d,  air  rushes  in  from  the  receiver,  which 
:  is  connected  with  e  through  the  aperture  d,  to  be 
ejected  at  the  next  up-stroke.  The  oil  serves  to 
i  perfect  the  fitting  of  the  valve  and  the  piston,  and 
j  prevents  any  leakage  of 
I  air. 

Spreiig^el  A 

much  more  perfect 
vacuum  can  be  obtained 
by  this  pump  (Fig.  59). 

Mercury  falls  from  a 
funnel  a  through  a  piece 
of  thick-walled  india- 
rubber  tubing  B,  which 
can  be  compressed  with 
a  screw  pinchcock  c, 
down  a  glass  U-tube  d, 
and  falls  over  e  into  a 
glass  tube  f,  which  must 
be  from  6  ft.  to  7  ft. 
long,  and  has  a  T-tube 
G  in  the  upper  end.  The 
bore  of  the  glass  tube 
must  be  small,  a  little 
over  1  mm.  The  screw 


Fig.  .58.  — Fleuss  air  pump. 
{After  Lelifeldt,) 


pinchcock  is  so  adjusted  that  the  mercury  as  it  falls 
into  F  breaks  up  into  little  threads,  which  act  as 
pistons  as  they  fall  and  suck  in  air  or  other  gas 
from  any  vessel  duly  connected  with  the  side  tube 
G.  If  an  upright  glass  tube,  the  lovv^er  end  of  which 
dips  into  mercury,  be  attached  to  g,  the  mercury 
will  rise  as  the  air  is  removed,  until  it  stands  at 
about  760  mm.  When  the  vacuum  is  practically 
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perfect,  the  pellets  of  mercury  fall  with  a  metallic 
click  owing  to  the  absence  of  air. 

It  is  to  the  Sprengel  pump  that  we  owe  the 


tig.  59.  Sprengel  pump.  verifying  Boyle  and 


IVIariotte’.^^  law. 

discovery  of  the  phenomena  in  high  vacua  investi¬ 
gated  by  Sir  William  Crookes,  the  Rontgen  tube,  etc., 
and  it  is  largely  used  for  exhausting  the  bulbs  of 
incandescent  electric  lamps. 
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Boyle’s  law,  sometimes  called  the  law  of  Boyle 
and  Mariotte,  states  the  relation  between  the  volume 
of  a  gas  and  the  pressure  to  which  it  is  exposed.  The 
volume  of  a  gas  varies  inversely  as  the  pressure, 
ivhen  the  temperature  remains  constant.  Thus,  if 
we  double  the  pressure,  the  volume  of  a  gas  is 
halved,  etc.,  so  that  the  total  product,  pressure  X 
volume,  remains  the  same  at  any  fixed  tempera¬ 
ture.  This  law  enables  us  to  reduce  the  volumes  of 
gases  to  what  they  would  be  at  760  mm. 


Ex. :  A  volume  of  hydrogen  measures  240  c.c.  at  a 
pressure  of  620  mm.  of  mercury ;  its  volume,  V,  at 
760  mm.  will  be  found  from  the  equation 

V  X  760  =  240  X  620 

1  1  .  240  X  620 

and  will,  therefore,  be  - - -izr^ -  —  19o-7  c.c. 

7d0 

This  law  can  be  directly  verified  with  a  simple 
barometer  tube,  as  shown  in  Fig.  43,  but  the  apparatus 
shown  in  Fig.  60  is  frequently  employed  for  this 
purpose.  A  graduated  glass  tube  a,  closed  at 
the  upper  end,  contains  the  gas  ;  the  lower  part  of 
A  is  connected  by  a  long  length  of  thick-walled 
indiarubber  tubing  with  the  reservoir  of  mercury  b. 
The  latter  can  be  moved  up  and  down,  and  a  scale 
c  enables  the  height  of  the  mercury  level  in  B  above 
that  in  a  (which  is  fixed  to  the  scale  c)  to  be  read  off. 
The  mercury  is  levelled  (by  moving  b)  in  the  tubes 
A  and  B,  and  the  volume  of  gas  in  a  read  oE  (say  it 
is  40  C.C.),  the  gas  being  then  subject  only  to  the 
atmospheric  pressure  (760  mm.).  The  reservoir  b 
is  then  raised  till  its  level  is  200  mm.  above  the 
level  in  a.  The  gas  is  now  exposed  to  a  pressure  of 
760  -h  200  =  960  mm.,  and  its  volume  will  be  found 

to  be  •  ■  „  - - =  31 '6  c.c. 
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1.  Hydrogen  gas  is  collected  in  a  graduated  tube  over 
water.  The  volume  of  gas  collected  is  60  c.c.,  and  the  level 
of  the  water  in  the  tube  is  27-2  cm.  above  the  water  level 
in  the  tank.  Calculate  the  mass  of  hydrogen  in  the  tube, 
given  the  following  data :  Temperature,  14°  C.  ;  atmospheric 
pressure,  752  mm. ;  pressure  of  aqueous  vapour  at  14°  C., 
12  mm. ;  density  of  mercury,  13-6 ;  mass  of  1  litre  of  hydro¬ 
gen  at  0°  C.  and  760  mm.,  0-09  grm.  [^First  M.B.^ 

2.  A  cylinder  20  cm.  long,  provided  with  a  weU-fitting 
piston,  is  filled  with  air  at  a  pressure  of  2  atmospheres. 
How  far  must  the  piston  be  pushed  in  if  the  pressure  is  to 
be  increased  to  5  atmospheres  ?  \First  Professional.'] 

3.  The  density  of  hydrogen  at  0°  C.  under  a  pressure  of 
76  cm.  of  mercury  is  0-09  grm.  per  litre.  What  would  be  the 
density  if  the  pressure  were  changed  to  95  cm.  of  mercury  ? 
l^Lhid.] 

4.  If  the  height  of  a  barometer  filled  with  mercury  (sp.  gr. 

=  13-6)  be  30  in.,  what  would  be  the  height  of  a  barometer 
filled  with  glycerin  (sp.  gr.  =  1-26)  ?  [/6fd.] 

5.  Assuming  the  specific  gravity  of  blood  to  be  1-06  and 
a  cubic  foot  of  water  to  weigh  62-5  lb.,  find  the  difference 
in  pressure  in  the  blood  due  to  difEerence  in  level  between 
the  head  and  the  feet  of  a  man  6  ft.  liigh,  standing  upright. 
[Ibid.] 


(For  Answers,  see  p.  388.) 
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CHAPTER  I 

TEMPERATURES  AND  THERMOMETERS 

Nature  of  Heat — Distinction  between  Temperature  and 
Quantity  of  Heat— Measurement  of  Temperature — 
Construction  of  a  Thermometer — Graduation — Dif¬ 
ferent  kinds  of  Thermometers — Exercises. 

I\’atiii*e  oT  lieat.— The  student  has  already  learned 
(p.  25)  that  Heat  is  a  form  of  kinetic  energy 
possessed  by  the  invisible  molecules  of  which  every 
visible  mass  is  composed.  When  we  supply  heat 
to  a  body,  we  therefore  supply  this  form  of  energy, 
and  the  molecular  vibrations  become  more  and  more 
rapid,  and  their  eiiects  more  and  more  perceptible. 
These  effects  are  very  varied.  Often  the  increased 
mobility  of  the  particles  results  in  a  visible  change 
from  the  solid  to  the  liquid,  or  gaseous,  state.  Often 
the  vibrations  become  so  rapid  as  to  affect  other 
sense  organs  ;  the  solid  becomes  luminous,  emitting 
at  first  a  dull  red  light,  and  finally  a  white  ligiit, 
when  the  solid  is,  as  we  say,  “  white-hot.”  These 
changes  are  accompanied  by  a  rise  in  tlie  tewperatiire 
(jf  the  body. 

Even  though  this  lanetic  energy  be  not  sensible 
to  us  as  heat,  it  is  probable  that  no  body  is  entirely 
deprived  of  it  which  is  at  a  temperature  above 
absolute  zero  (p.  132).  The  student  must  carefully 
distinguish  between  temperature  and  qua^itity  of  heat. 
The  distinction  is  analogous  to  that  between  velocity 
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and  momentum  or  quantity  of  motion  (p.  12). 
One  grm.  of  boiling  water  is  hotter,  but  contains 
much  less  heat,  than  10  grm.  of  tepid  water. 

Teiiiperatiire  is  the  degree  or  intensity  of 
heat ;  it  is  independent  of  the  mass  of  the  body, 
and  depends  on  the  velocity  of  molecular  agitation 
already  referred  to. 

The  qiiaiitity  of  lieat  possessed  by  a  mass 
depends  not  only  (1)  on  the  temperature  of  the 
mass,  but  also  (2)  on  the  magnitude  of  the  mass, 
and  (3)  on  the  nature  of  the  mass. 

Two  bodies  are  said  to  be  at  the  same  temperature 
if,  when  free  to  exchange  heat,  the  exchange  which 
takes  place  is  equal.  Heat  tends  to  pass  from  points 
at  a  higher  temperature  to  points  at -a  lower.  The 
exchange  of  heat  between  two  bodies  which  are  at 
different  temperatures  results,  if  not  prevented,  in 
a  gain  of  heat  to  the  colder  body,  and  a  net  loss  of 
heat  from  the  hotter  body,  until  they  finally  arrive 
at  the  same  temperature. 

Thermometers 

Temperatures  are  measured  by  a  thermometer. 
In  the  construction  of  this  instrument  advantage  is 
taken  of  the  fact  that  most  substances  expand  when 
heated,  and,  within  certain  limits,  the  expansion  is 
sufficiently  uniform  to  indicate  the  degree  of  heat. 

One  of  the  most  common  effects  of  heat  on  a 
]nass  is  to  make  it  increase  in  volume,  but  exceptions 
are  met  with  in  water  at  0°  C.  and  in  indiarubber. 
Both  of  these  substances  contract  when  heated.  A 
brass  ball  which  slips  easily  through  a  ring  when 
cold  will,  if  heated  for  a  few  minutes,  expand  so 
much  that  it  will  rest  on  the  ring  (Fig.  61).  The 
expansion  of  a  liquid,  when  heated,  is  also  easily  seen. 

In  a  therrnometer,  for  instance,  the  mercury 
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evidently  rises  in  the  tube.  The  ehect  is  still  more 
obvious  in  the  case  of  a  gas,  and  is  easily  shown 
by  Leslie’s  differential  air  thermometer  (Fig.  62). 
If  we  warm  the  bulb  a  with  the  hand,  the  expansion 
of  the  air  is  at  once  indicated  by  the  downward 
movement  of  the  liquid  in  b,  and  the  upward  move¬ 
ment  in  c. 


Fig.  62. — Leslie’s  differential 
air  thermometer. 

♦ 

The  coiBStruetioBi  of  tliermoiiietei’  is  an 

important  exercise  and  will  be  described  at  some 
length. 

A  glass  tube  of  small  bore  is  selected  and  is  then 
calibrated  to  see  if  the  bore  is  uniform.  This  is 
accomphshed  by  intro¬ 
ducing  a  short  column  of 
mercury  (Fig.  63),  and 
accurately  measuring  its 

length  in  various  parts  of  ss.^calibration. 

the  tube.  If  the  tube  be 

uniform  in  bore,  the  mercury  column  will  be  of  the 
same  length  in  all  parts.  A  tube  with  uniform  bore 
having  been  selected,  a  bulb  is  blown  at  one  end 


Fig.  61. — Gravesande’s  hall 
and  ring. 
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and  a  piece  of  wdder  taibe  attached  at  the  other  so 
as  to  form  a  funnel. 

The  liquids  used  for  filling  thermometers  are  usually 
mercury  or  coloured  alcohol.  Mercury  is  very  suit¬ 
able  for  this  purpose,  because  (1)  it  is  easily  obtained 
in  a  pure  state  by  distillation ;  (2)  its  expansion 
is  almost  uniform  ;  (3)  it  remains  liquid  through  a 
wide  range  of  temperature,  freezing  at  —  38*8°  C., 
and  boiling  at  350°  C.  ;  (4)  it  has  a  low  specific 
heat ;  (5)  it  is  a  good  conductor  of  heat.  By  virtue 
of  these  last  two  properties  the  mercury  quickly 
acquires  the  temperature  to  be  measured,  while 
absorbing  very  little  heat  itself. 

The  liquid  is  poured  into  the  funnel  and  the  bulb 
is  then  gently  heated.  This  causes  the  air  to  expand 
and  escape  through  tlie  mercury  in  tlie  funnel.  The 
bulb  is  then  allowed  to  cool,  and,  as  the  air  con¬ 
tracts,  some  of  the  mercury  is  sucked  back  into 
the  bulb  (Fig.  64).  The  bulb  is  again  heated  till 
the  fluid  boils,  when  its  vapour  expels  all  tlie  air, 
and,  on  allowing  the  bulb  to  cool,  it  rapidly  fills  with 
inercury  as  the  vapour  condenses. 

The  tube  having  been  filled,  the  thermometer  is 
heated  slightly  .above  the  highest  temperature  it  is 
to  indicate,  and  the  end  of  the  tube  near  the  funnel 
drawn  off  and  sealed  by  the  blowpipe.  The  thermo¬ 
meter  is  then  laid  aside  for  some  months  to  allow  the 
bulb,  which  contracts  sliglitly  when  freshly  blown, 
to  attain  its  final  volume,  when  the  instrument  is 
ready  for  graduation. 

4iri'adisa$ioti  ol'  si  — As  tem¬ 

peratures  only  indicate  degrees  of  heat,  they  must 
have  reference  to  some  standard  level,  from  which 
their  difference  is  estimated  ;  just  as  all  heights  are 
measured  by  their  difference  from  sea  level.  The 
temperature  often  chosen  for  this  purpose  is  that 
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of  melting  ice.  To  obtain,  however,  a  standard 
interval  of  temperature  We  require  two  standard 
temperatures.  The  higher  temperature  now  gener¬ 
ally  selected  is  the  hoiling-point  of  water,  when  the 
barometer  stands  at  760  mm.  or  30  in.  In  the  earlier 
thermometers  of  Newton  and  Fahrenheit  the  upper 
temperature  selected  w'as  perhaps  the  more  natural 
one,  of  the  human  body,  or  “  blood  heat.”  To  deter¬ 
mine  the  lower  fixed  point,  the  thermometer  is 
placed  carefully  in  melting  ice  (Fig.  65),  and,  when 
the  mercury  no  longer  falls,  the  level  at  which  it 


Fig.  64. — Filling  thermometer  Fig.  6.5. — Verifying  zero  of 

bulb,  thermometer. 

remains  stationary  is  marked  as  the  freezing-point. 
To  determine  the  upper  fixed  point,  the  thermometer 
is  placed  in  a  “  hypsometer  ”  (Fig.  66).  The  mer¬ 
cury,  when  stationary,  just  appears  above  the  cork, 
the  bulb  of  the  thermometer  being  surrounded  by 
the  steam,  which  finally  escapes  at  a.  If  the 
barometer  does  not  stand  at  760  mm.  a  correction 
must  be  made  before  the  boiling-point  is  marked  on 
the  thermometer.  A  variation  of  27  mm.  practically 
alters  the  boiling-point  by  1°  C, 
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If,  for  iustance,  the  barometer  reading  is  742  mm.,  or 

18  2 

18  ram.  less  than  760,  then  we  deduct  ^  =  —  of  a  degree 

from  100°  C.  and  say  that  the  temperature  of  the  steam 
is  99^°  C.  If  the  barometer  reading  is  769  mm.  we 
should  estimate  the  steam  temperature  at  100.^°  C. 

Tlioi’iiiometrirnl  scales.--In  the  earlier  ther¬ 
mometers  not  only  was  a 
different  interval  of  tempera¬ 
ture  selected,  but  this  interval 
was  differently  subdivided. 
Newton,  in  ilOl,  adopted 
the  interval  between  the 
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Boiling  point 


wa-ter  760  mm 


Fig.  66. — Hypsometer,  for 
determining  boiling-point. 


-  Freezing  point 

Fig  67. — Relation  between 
the  thermometrical  scales. 


freezing-point  of  water  and  “  blood  heat,”  and 
divided  this  into  12  equal  parts.  The  freezing- 
point  of  salt  water  is  lower  than  that  of  fresh 
water,  and  mixtures  of  ice  and  salt  are  often 
employed  as  freezing  mixtures  (p.  156).  Fahren¬ 
heit  employed  the  lowest  temperature  he  thus  ob¬ 
tained  as  his  lower  limit  or  zero,  and  “  blood  heat  ” 
as  his  upper  limit.  Like  Newton,  he  at  first  divided 
his  interval  into  12  equal  parts,  but  one  such  division 
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was  inconveniently  large  for  finer  measurements, 
and  to  diminisli  it  he  increased  the  number  of  divisions 
to  96  ;  blood  heat  was  therefore  indicated  by  96 
(instead  of  12)  ;  it  is  now  usually  represented  by 
98*4  degrees  on  his  scale,  but  has  a  range  of  about 
1-2  degrees  on  either  side  of  this  point,  according 
to  the  time  of  day  or  night  and  the  situation  of  the 
recording  thermometer  when  the  temperature  is 
taken.  The  freezing-point  of  pure  water  is  repre¬ 
sented  b}/'  32  on  this  scale,  and  the  normal  boiling- 
point  by  212  when  the  graduation  is  extended  to 
that  temperature. 

In  1731  the  French  scientist  Reaumur  constructed 
a  thermometer  by  filling  the  bulb  and  a  portion  of  the 
stem  with  alcohol  at  the  freezing-point  of  water — 
his  zero — and  then  graduating  the  stem  above  this 
point  into  divisions  each  of  which  had  a  volume 
equal  to  jq\)q  of  the  volume  of  the  alcohol  at  the 
;  zero.  When  this  thermometer  was  brought  to 
!  the  temperature  at  which  water  normally  boils,  the 
'  alcohol  expanded  till  it  reached  the  80th  division. 
Reaumur  therefore  called  the  boiling-point  of  water 
80,  and  it  is  still  called  80  on  this  type  of  thermo¬ 
meter,  but  the  instrument  is  now  constructed  by  first 
determining  the  two  fixed  points  (as  usual),^hnd 
then  dividing  the  interval  into  80  equal  parts.  The 
volume  of  each  division  is  not  now  of  the 


volume  below  zero,  but  about 


1 

64^ 


X 


100  . 


80 


mercury 


replaces  the  original  alcohol  {see  p.  129). 

In  1742  Celsius,  a  Swedish  astronomer,  described 
the  now  familiar  centigrade  thermometer. 

All  three  scales  are  used  at  the  present  time  :  Fah¬ 
renheit's  in  the  British  Isles,  in  Canada,  the  United 
States,  etc.  ;  the  Centigrade  in  France,  Germany, 
etc.  ;  and  Reaumur s  in  Italy,  Russia,  etc.  The 
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relation  between  the  scales  is  shown  in  the 
diagram  (Fig.  67).  The  same  standard  interval 
is  graduated  into  180  divisions  on  the  Fahrenheit 
scale,  100  divisions  on  the  Centigrade  scale,  and  80 
divisions  on  the  Eeaumur  scale.  Hence, 

180  F.  degrees  =  100  G.  degrees  =  80  R.  degrees 
or  9  r,  =5  „  =  .  4  ,, 

Tlie  freezing-point  of  water  is  marked  32°  in  the 
Fahrenheit  scale  and  0°  in  the  Centigrade  and 
Reaumur.  Water  therefore  boils  at  212°  F.,  100°  C., 
and  80°  R.,  in  presence  of  the  standard  atmosphere. 


Fig.  68. — Conversion  of  thermometrical  scales. 


Conversion  of  scales.— -To  convert  one  scale  into 
another,  the  scheme  illustrated  in  Fig.  68  will  be 
found  useful.  Thus,  to  convert  40°  C.  into  Fahrenheit, 
40  X  -f  =  72  -|-  32  =  104°  F.  ;  to  convert  82°  F. 
into  Reaumur,  subtract  32  =  50  X  f  =  22-2°  R.  In 
cheap,  common  thermometers  the  scales  are  made 
first  and  the  thermometer  tubes  and  bulbs  are  blomi 
to  fit  the  scale.  The  best  clinical  thermometers  in 
this  country  have  usually  the  ‘‘  Kew  certificate  ” — 
that  is,  they  have  been  verified  at  the  Physical 
Laboratory. 


THERMOMETERS 


115 


OHAP.  J] 

The  delicacy  of  a  thermometer  is  tlie  smallest 
fraction  of  a  degree  it  will  show,  and  depends  on  the 
relative  sizes  of  the  bulb  and  the  bore.  The  larger 
the  bulb  and  the  smaller  the  bore  the  more  delicate 
is  the  thermometer. 

The  sensitiveness  of  a  thermometer — ^tliat  is,  the 
rapidity  with  which  it  will  acquire  a  temperature — 
depends  on  the  size  and  shape  of  the  bulb,  and  on 
the  specific  heat  and  the  conductivity  of  the  thermo- 
metric  substance  employed.  A  cylindrical  bulb  is 


Fig.  (i9. — Six’s  thermometer,  showing  use  of  magnet  for  setting  it. 

more  sensitive  than  a  spherical  one  of  the  same 
I  capacity,  but  the  smaller  the  bulb  the  more  sensitive 
i  the  thermometer,  other  things  being  equal. 

Keg'isteriiig'  tlseriiioiiieters  are  thermometers 
I  which  show  the  highest  or  lowest  temperature  to 
:  which  they  have  been  exposed. 

Six’s  thermometer  is  an  alcohol  thermometer 
(Fig.  69).  The  bulb  is  at  a,  the  alcohol  column  of 
the  thermometer  ends  at  b  ;  the  tube  is  filled  with 
mercury  up  to  c,  and  the  rest  with  alcohol,  which 
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only  lialf  fills  the  bulb  d.  The  maximum  and 
minimum  temperatures  are  registered  by  two  little 
indices  of  iron  wire  at  b  and  c,  which  are  kept  iu 
position  by  a  very  delicate  spring.  When  the  tem¬ 
perature  goes  up,  the  mercury  rises  at  c  and  pushes 
up  the  index  until  the  maximum  temperature  is 
attained  ;  when  the  mercury  falls,  the  spring  keeps 
the  index  in  its  maximum  position.  As  the  tem¬ 
perature  sinks  the  mercury  forces  up  the  iron  index 
at  B,  so  that  the  lower  end  of  the  index  b  gives  the 
minimum,  and  the  lower  end  of  c  the  maximum, 
temperature.  The  indices  are  set  by  means  of  a 
small  horseshoe  magnet,  whose  hollowed-out  ends  are 


C 


Fig.  70. — Rutherford’s  maximum  and  minimum  thermometer. 


moved  along  the  glass  tube,  and  bring  the  indices 
again  into  contact  with  the  mercury. 

Rutherford’s  maximum  and  minimum  therrno- 
meter. — The  maximum  thermometer  contains  mer¬ 
cury,  and  the  maximum  temperature  is  registered 
by  a  little  index  of  iron  wire  a  (Fig.  70),  which  is 
pushed  forward  by  the  mercury  as  it  expands, 
and  so  marks  the  maximum  temperature. 

The  minimum  thermometer  contains  alcohol,  and 
the  index  is  a  piece  of  glass  b,  which  [allows  the 
alcohol  to  pass  it  as  the  temperature  rises  ;  but  when, 
in  cooling,  the  surface  of  the  liquid  reaches  the  index, 
the  surface  tension  pulls  the  index  back  with  it,  and 
so  the  minimum  temperature  is  registered.  In  order 
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to  set  the  instrument  the  end  c  is  raised,  when  the 
indices  fall  to  the  surfaces  of  the  liquids.  When  in 
use  the  instrument  should  be  horizontal. 

Negretti  &  Zambra’s  maximum  thermometer.— 
In  this  instrument  (Eig.  71)  the  bore  is  narrowed 
close  to  the  bidb.  The  mercury  will  only  pass 


A. 


Fig.  71. — ^FTegretti  &  Zambra’s  maximum  thermometer. 


through  this  constricted  glass  tube  A  when  forced  to 
do  so.  As  the  temperature  rises,  the  expansion  of 
the  mercury  in  the  bulb  forces  the  liquid  through 
the  narrow  tube  ;  but  when  the  temperature  falls, 
the  column  breaks  at  A,  one  portion  retreats  into  the 


I  mi 


_ 


Fig.  71a. — Cliriical  thermometer,  the  mercury  below  body 

temperature. 


bulb,  and  the  other  registers  the  maximum  tern 
perature.  The  thermometer  is  set  by  swinging  it 
vertically  downwards. 

This  form  is  much  used  for  clinical  thermometers 
(Fig.  71a). 

_ A _ ^ 

Ji'ig,  72. — Fhilipp.s’s  maximum  thennoraetei’. 


Pliilipps’s  maximum  thermometer.^ — In  this  in 
strument  (Fig.  72)  the  thread  of  mercury  is  broken 
by  a  bubble  of  air  A.  When  the  temperature  rises, 
this  bubble  forces  the  index  column  of  mercury  along 
the  tube,  but  when  the  temperature  falls,  the  index 
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column  is  left  indicating  the  maximum  temperature. 
It  is  set  in  the  same  way  as  Negretti  &  Zambra’s. 

For  temperatures  below  -38°  C.,  alcohol  can  be 
used  down  to  — 130°  C.,  when  it  freezes. 

Temperatures  beyond  the  range  of  the  ordinary 
mercury  thermometer  can  be  determined  by  filling 

the  space  above  the 
mercury  with  hydrogen 
under  pressure.  The 
boiling-point  of  mercury 
is  thus  raised  (p.  172), 
and  the  thermometer, 
which  must  be  made  of 
hard  glass,  can  be  used 
up  to  550°  C. 

Air  tlieriiiometrr. 
— The  coefficient  of  ex¬ 
pansion  of  dry  air  is 

and  is  therefore 


273’ 

about  20  times  that  of 
mercury,  and  about  140 
times  that  of  glass. 
The  apparent  expan¬ 
sion  is  therefore  not 
much  less  than  the 
real  expansion,  and 
small  variations  in  the 
quality  and  calibre  of 
the  glass  vessel  employed  become  of  less  importance. 
The  expansion  of  air  is,  moreover,  so  uniform  that 
this  form  of  thermometer  can  be  used  for  a  very 
wide  range  of  temperature.  For  use  in  furnaces  a 
bulb  of  porcelain  or  platinum  is  employed  (Fig.  73), 
and  is  connected  with  a  bent  glass  tube  outside,  which 
contains  mercury.  The  thermometer  is  graduated  by 


■lOQ 


Fig.  73. — Air  thernionieter. 
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plunging  the  bulb  (1)  into  melting  ice,  and  (2)  into 
steam  (at  760  nim.),  noting  the  expansion,  and  then, 
if  the  tube  is  uniform,  marking  the  rest  of  the  scale. 
A  correction  is  made  for  the  increase  of  pressure 
produced  by  the  rising  column  of  mercury. 

Temperatures,  both  high  and  low,  can  also  be 
determined  by  electrical  iiteasis :  (1)  by  the 
variation  of  the  resistance  of  a  platinum  wire,  the 
resistance  increasing  at  a  known  rate  as  the  tem¬ 
perature  rises ;  (2)  by  measuring,  with  the  aid  of  a 
galvanometer  (p.  349),  the  current  developed  on 
heating  a  junction  of  two  dissimilar  metals,  such  as 
platinum  and  a  platinum-iridium  alloy. 


Vaeious  Temperatuees 


Absolute  zero 
Helium  hquefies 
Hydrogen  solidifies 
Hydrogen  liquefies 
Oxygen  liquefies 
Alcohol  freezes  . 

Greatest  natural  cold  (Nares) 


°r. 

-273  . 
-269  . 
-259  . 
-253  . 
-183  . 
-130  . 
-  57-7 


Mercury  freezes 

• 

-  38-8 

Mercury  boils 

• 

356-7 

Red  heat  just  visible  . 

about 

526 

Hull  red  heat 

?? 

700 

Yellow  heat  .  '  , 

?  ? 

1,100 

White  heat 

?? 

1,400 

Silver  melts 

960 

Cast-iron  melts  , 

?  ? 

1,550 

Highest  temperature  of 
a  wind  furnace 

5? 

1,805 

Platinum  melts  , 

1,750 

Electric  furnace  .  .  . 

9? 

3,500 

Sun’s  temperature 

99 

5,550 

Oegi-ees 

absolute. 

.  0 

.  4 

.  14 

.  20 

.  90 

.  143 

.  215-3 

.  234-2 

.  629-7 


Very  small  amounts  of  impurities  in  a  metal  alter 
the  melting-point  considerably,  and  diherent  samples 
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therefore  give  different  results.  This  is  probably 
the  principal  cause  of  the  variation  in  the  values 
obtained  by  different  observers. 


ExERCISP]S 

1.  Express  in  each  of  the  three  thermometric  scales  (p.  113) 
the  following  temperatures  :  Blood  heat ;  the  point  of  maxi¬ 
mum  density  of  water;  the  freezing-point  of  mercury;  the 
boiling-point  of  mercury ;  normal  room-tem'perature. 

2.  Mention  three  physical  properties  that  change  when  the 
temperature  of  substances  is  altered,  and  explain  in  each 
case  how  the  change  may  be  employed  for  the  measurement 
of  temperature.  [First  Professional.'] 

3.  A  faulty  thermometer  reads  —  1°  C.  when  placed  in 

melting  ice,  and  102°  C.  when  in  steam,  on  a  day  when  the 
atmospheric  pressure  is  77  cm.  What  is  the  correct  tempera¬ 
ture  when  the  thermometer  indicates  75°  C.  ?  (2-7  cm 

pressure  changes  the  boiling-point  of  water  by  1°  C.) 

(For  iVnsAvers,  see  p.  388.) 


CHAPTER  II 


EXPANSION  OF  SOLIDS,  LIQUIDS,  AND  GASES 

Expansion  of  Solids — Square  Expansion — Cubic  Expan¬ 
sion — Expansion  of  Liquids — Expansion  of  Gases 
— Exercises. 


llxpan^ioBi  of  solids.— That  different  solids  ex¬ 
pand  in  different  degrees  can  be  shown  by  heating 
two  rods,  one  of  iron  and  one  of  brass,  and  magnify¬ 
ing  their  expansion  by  levers  or  some  other  suitable 
mechanical  device.  One  simple  method  is  illus¬ 
trated  in  Eig.  74.  I’he  rod  is  placed  in  a  bath,  one 
end  .  resting  against  one  end  of  the  bath  and  the 
other  pressing  against 
a  lever  l.  A  small 
mirror  m  is  cemented 
on  the  axis  at  c  ;  a 
beam  of  light  a  b  is 
reflected  from  the 
mirror  m  and  received 
on  a  scale.  When  the 
bar  expands,  the 
})eam  of  light  moves 
on  the  scale.  The 
bath  can  be  filled  with 
water  at  various  tem¬ 
peratures. 

The  exact  increase  in  length  of  a  bar  of  metal 
for  a  given  rise  in  temperature  can  be  determined  by 
the  spherometer  (p.  395),  or  by  a  travelling  microscope. 
A  bar  of  brass  one  metre  in  length  e  rests  on  a  solid 


FL.  74. 


-Expansion  of  a  rod  of 
metal. 
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foundation  p  (Tig.  75),  and  is  surrounded  by  a  glass 
tube  A,  through  which  water  at  any  temperature  can 
be  passed  by  the  tubes  b  c.  On  the  top  of  the 
framework  rests  a  piece  of  plate  glass  d  d,  through 

which  a  .hole  is  bored  large 
enough  to  receive  the  end  of 
the  rod  of  brass  e.  Water 
is  run  through,  say,  at  10°  0., 
and  the  level  of  the  end  of  the 
brass  rod,  relative  to  the  plate 
glass,  is  determined  by  the 
spherometer.  The  temperature 
of  the  water  is  raised  to 
50°,  and  the  increase  in  length 
found  by  a  second  reading  of 
the  spherometer. 

What  is  technically  called 
the  ex'pansion  is  not  this  in¬ 
crease  in  length,  but  the  ratio 

increase  in  length  ..  . 

- ^ — i - 7^ — ;  if  this  ex- 

origmal  length 

pansion  be  due  to  a  rise  in  tem¬ 
perature  of  40°  C.,  and  if  it  may  be  regarded  as  uni¬ 
form,  then  the  expansion  for  a  rise  of  1°  C.  will  be  ^  of 

increase  in  length  r 

- — ri - w — .  This  would  be  the  coemcient  of 

original  length 

linear  expansio7i  of  the  brass  between  the  tempera¬ 
tures  10°  C.  and  50°  C.  It  is  often  more  convenient 
to  choose  two  temperatures  which  can  more  easily 
be  maintained  constant  for  a  long  time,  such  as  0°  C. 
and  100°  C.  In  that  case,  if  a  length,  L,  at  0°  C. 
becomes  A  -f  Z  at  100°  C.,  tlie  coefficient  of  linear 

expansion  between  these  limits  is  i  xx  of  ^  • 

iUu  JL 
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This  coefficient  for  iron  is  0-000012 


brass  0-000019 

zinc  ,,  0- 000030 

slate  „  0-000014 
glass  ,,  0-000009 
platinum  „  0-000009 
pine  wood  ,,  0-0000005 


It  will  be  noticed  that  glass  and  platinum  expand 
at  the  same  rate,  so  that  when  a  platinum  wire  is 
fused  into  a  glass  globe  the  joint  remains  sound  wlien 
!  cold. 


Ex.  ;  Calculate  Z,  the  increase  in  length  of  50  miles  of 
iro7i  rails  for  a  rise  in  temperature  of  20°  G.  We  see  from 
the  foregoing  explanation  that 


A  of-1  =  0-000012 
20  50 

I  =  0-012  miles 


Similarly,  if  an  area,  A,  at  0°  C.  becomes  an  area, 
A -|- u,  at  100°  C.,  then  the  mean  coefficient  of 
su'perp.cial  expansion  between  these  limits  of  tem¬ 


perature  is 


1  .a 

ICTO  A‘ 


Also,  if  a  volume,.  V,  at  0°  C.  become  F  +  p  at 
100°  C.,  then  the  mean  coefficient  of  cubical  expansion 

between  these  limits  is  of  ^ . 

lUO  V 

If  we  consider  the  increase  in  size  of  a  sheet  of 
metal,  taking  the  coefficient  of  linear  expansion  to 
be  a,  and  supposing  the  sheet  to  be  1  ft.  square, 
each  side  will  increase  (for  1°)  to  1  +  a,  and  therefore 
the  new  area  will  be  (1  +  =  1  +  2a  +  Now, 

is  so  small  that  it  may  be  neglected,  and  the  new 
area  then  becomes  1  -ffi  2a. 

The  square  expansion  per  unit  area — that  is, 
the  coefficient  of  superficial  expansion — ^is  therefore 
reckoned  as  twice  the  linear. 
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tSimilarly,  iiie  volume  of  a.  cube  of  unit  side  becomes, 
for  a  rise  of  1°  0.,  (1  -|-  a)^  =  1  -}-  Sa  + 

=  1  “b  3a,  since  tlie  other  terms  are  so  small  that 
they  may  for  practical  purposes  be  neglected.  The 
coefficient  of  cubic  expansion  is  therefore  taken 
as  three  times  the  linear. 

Tlie  expansion  of  metals  has  to  be  taken  into 
account  in  many  directions.  The  wooden  patterns 
for  brass  castings  have  to  be  made  larger  than  the 
brass  articles  are  intended  to  be.  The  iron  tyres  of 
wheels  are  made  smaller  than  the  wooden  wheel, 


Fig.  70. — Apparatus  to  show  the  force  of  contraction  when  cooling. 

SO  that  when  made  red  hot  they  can  just  slip  over, 
and  as  they  cool  contract  and  bind  the  wheel  firmly 
together.  The  rails  on  the  line  are  laid  so  as  to  leave 
a  small  gap  between  the  rails  to  allow  room  for 
expansion.  In  a  long  iron  bridge  like  the  Forth 
Bridge  the  difference  in  length  in  summer  and  in 
winter  mav  amount  to  a  foot,  and  the  ends  of  the 
girders  are  mounted  on  rollers  to  allow  this  move¬ 
ment  to  take  place. 

The  force  with  which  this  contraction  or  expansion 
takes  place  is  enormous,  as  can  be  shown  by  the 
apparatus  in  Fig.  76.  An  iron  bar  is  heated,  and 
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A 


B 


B 


P 

I 


A 


B 


t 

I 


A 


B 


while  it  is  hot  a  rod  of  cast  iron,  about  in.  in 
diameter,  is  passed  through  the  hole  a,  and  screwed 
up  tightly  by  the  nut  c 
against  the  jaws  be.  As  the 
bar  cools  it  contracts  and 
breaks  the  rod. 

Two  other  interesting  illus¬ 
trations  may  be  mentioned- — 
the  co7n'pensating  'pe^idulmn 
and  the  compensating  balance 
ivJieel. 

Coyyvpens ating  pcndulu 7n.  — ^ A 
simple  pendulum  in  summer 
lengthens,  and  so  the  clock 
loses  (p.  49)  ;  the  reverse  is  the 
case  in  winter.  The  compen¬ 
sating  pendulum  is  designed  to 
keep  the  distance  from  the 
point  of  suspension  to  the 
centre  of  gravity  of  the  heavy 

bob  unchanged,  however  the  temperature  may  vary. 
The  bars  a  A  A  in  Fig.  77  are  of  iron  and  the  bars  b  b 

of  zinc.  As  the  tem¬ 
perature  rises,  the  iron 
bars  AAA  expand  and 
the  bob  tends  to  drop  ; 
but  as  the  zinc  bars 
B  B  expand  more  than 
the  iron,  thev  tend  to 
raise  the  bob,  and  if 
the  relative  lengths  be 
inversely  as  their  coefficients  of  linear  expansion  (zinc  : 
iron  :  :  12  :  30),  the  distance  between  the  point  of  sus¬ 
pension  p  and  Q  will  remain  unaltered.  This  contriv¬ 
ance  is  sometimes  called  the  gridiron  pendulum,  from 
its  obvious  resemblance  to  that  domestic  implement. 


Fig.  77. — Gridiron  pen- 
drxlum,  zinc  and  iron. 


Fig*.  78.  — Compound  bar  of  brass 
and  iron  bending  when  heated. 
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Fig.  70. — Compensating 
balance  wlieel. 
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If  two  flat  pieces  of  brass  and  iron  respectively 
be  riveted  togetlier  at  the  ordinary  temperature, 

the  compound  bar,  when 
heated,  will  become  curved. 
'Idle  brass  expands  more 
than  the  iron,  and  there¬ 
fore  forms  the  outer  and 
longer  curve  (Fig.  78). 
This  fact  is  utilized  in  the 
construction  of  the  coni’pef}- 
sating  balance  wheel,  which 
lias  a  compound  rim  of  brass 
and  iron,  the  brass  being 
on  the  outside  (Fig.  79). 
The  rim  is  divided  in  three 
places,  A  A  A  ;  at  the  free  ends  little  weights  are 
flxed.  As  the  temperature  rises,  the  spokes  in¬ 
crease  in  length,  and  the  rim  is  at  a  greater  dis¬ 
tance  from  the  centre,  tending  to  make  the  watch 
lose ;  but  this  tendency  is  compensated,  if  the 
weights  are  properly  adjusted,  by  the  rim  curving 
inwards  and  bringing 
the  weights  at  A  A  a 
nearer  the  centre. 

E\|>aiisio8i  o< 
liquids.— We  need 
only  consider  the 
cubical  expansion  of 
liquids  ;  it  is  usually 
much  greater  than 
that  of  solids.  Each 

liquid  has  its  own  coefiflcient  of  cubical  expansion. 
That  of  mercury  is  0-00018.  The  coefficient  of  ex¬ 
pansion  is  usually  determined  by  finding  the  specific 
gravity  of  the  liquid  at  different  temperatures  by 
means  of  the  specific  gravity  bottle  (p.  63). 


Fig.  80. — Weight  thermometer. 
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To  liiid  the  coefticient  of  apparent  expansion  of 
a  liquid  : — 

Ex.  :  Suppose  that  the  sp.  gr.  is  found  to  be  Sh  when  the 
liquid  is  at  0.,  and  when  it  is  at  a  higher  tempera¬ 
ture,  ^2°  0.  A  weight,  W,  of  this  liquid  which  fills  a  volume, 
Vi,  at  the  lower  temperature  will  fill  a  larger  volume, 
V2,  at  the  higher  temperature,  such  that  (p.  55) 

.S',  TO  =  ir  =  S2V2 


^'1 

S'. 


V 


S'l 


1  = 


s. 


Vj 

hi 

r. 


1 

hi 


of 


S'2 


hi 

_i_ 

t  n  —  t-t 


of 


hi 


hi 


=  the  mean  coefficient  of  cubical  expansion  between  L 
and  ^2  (P-  123). 

In  this  case  we  can  make  a  further  simplification  ; 
we  only  require  the  ratio  of  S',  to  S'2,  and  this  is 
independent  of  the  standard  substance  chosen  ;  we 
may  therefore  choose  as  our  standard  the  liquid  itself 

If 

at  the  temperature  ;  then  S,  =  1  and  S.^  =  > 

where  IF 2  and  Ih,  are  the  weights  of  the  liquid  which 
fill  the  same  bottle  at  the  respective  temperatures 
^2  and  U- 


Th, 

TTo 


■■■  .S',  “ 

W, 

^1  _  1  __  _  1 

S2  ”  ^2 

S'l  -  S2  Ihi  -  Ih2 

'  S2  .  ^2 

and,  on  comparing  this  with  the  result  previously 
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obtained,  we  see  that  the  mean  coefficient  of  cubical 

expansion  between  H  ^2 

TT 

■  of 


1 


to 


w 


w 


100 


'2  ■'1  ”2 
is  evidently  the  weight  of  liquid  which 
overflows  from  the  bottle  during  the  rise  of  tempera¬ 
ture  from  H  ^2-  fact,  the  bottle  is  really 
employed  in  this  experiment  as  a  weight  thermo= 
meter.  This  instrument  often  has  the  form  of 

an  elongated  bulb 
(E i  g.  8  0)  with 
drawn  -  out  neck 
which  is  bent  down 
so  as  to  dip  into 
a  small  vessel  of 
the  liquid. 

Ex.  :  The  empty 
bulb  is  first  weighed 
=  20  grm.  ;  it  is 
then  filled  with  mercury  (or  any  other  liquid)  at  0°, 
re- weighing  =  48  grm.  It  is  next  heated  to  100°,  and 
weighs  47-55  grm.,  so  that  at  0°  the  bulb  contains  28  grm, 
and  at  100°  27-55  grm.  ;  the  weight  wfiiich  has  overflowed 
is  therefore  0-45  grm. 

Hence  the  mean  coefficient  of  expansion  is  equal  to 
1  0-25 

of  =  0-00016  nearlv 


Fig.  81. — Apparatus  for  determiiiing 
tiie  absolute  expansion  of  merciiry. 


100 


27-55 


As  the  mercury  is  contained  in  a  glass  bulb,  which 
also  expands  when  heated,  the  apparent  expansioyi 
as  determined  above  only  shows  the  difference  between 
the  real  expansion  of  the  mercury  and  the  expansion 
of  the  glass.  This  is  obviously  less  than  the  absolute 
expansion. 

That  the  glass  bulb  does  expand  can  be  readil}' 
shown  by  plunging  a  thermometer,  with  a  large  bulb, 
suddenly  into  hot  water,  when  the  mercury  will  be 
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seen  to  drop  for  a  moment  and  then  rapidly  rise 
in  the  stem.  The  absolute  expansion  of  mercury 
can  be  determined  (Fig.  81)  by  connecting  two 
vertical  glass  tubes  a  a,  filled  with  mercury,  by 
a  long  narrow  tube  b.  One  of  the  vertical  tubes 
is  surrounded  with  ice,  the  other  with  hot  water. 
The  difierence  in  their  levels  is  read  off.  As  in 
Hare’s  apparatus  (p.  64),  the  specific  gravities 


will  be  inversely  as  their  heights,  or 


So 


h 


100 


but 


^100 

V^oo 

Vo 


VlOO 

Vo 

^100 


S 


100 


Jiq 


(p.  127) 


and  the  absolute  coefficient  of  expansion. 


100 


Vo 


,  is  therefore  equal  to 


1 


of 


1 

rod 

h 


of 


and 


Fo  ’ . h, 

can  be  determined  by  reading  the  heights  of  the 
two  columns.  If,  for  instance,  the  height  in  the 
tube  at  0°  is  1,000  mm.,  and  that  in  the  tube  at  100° 
is  1,018  mm.,  the  value  of  the  coefficient  will  be 

I®  «•  iSo  - 

The  relation  between  the  capacity  of  the  bulb  of  a 
thermometer,  together  with  any  portion  of  the  stem 
below  zero,  and  the  capacity  of  one  division  of 
the  stem  is  evidently  connected  with  the  apparent 
coefficient  of  expansion  (a).  Let  the  capacity  of 
bulb,  etc.,  be  equal  to  that  of  n  divisions  of  the  stem ; 
these  n  divisions  apparently  expand  divisions 

for  a  rise  of  1°,  therefore  ^ 

a—  — 

^  1 

In  the  case  of  mercury,  a  is  about 


F 
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Therefore  the  bulb  of  a  mercury  thermometer 
should  have  a  capacity  of  about  6,480  divisions  of 
the  stem. 

To  find  the  relation  between  u,  the  apparent, 
and  m,  the  real,  expansion  of  mercury  we  must 
remember  that  the  volume  of  a  stem  division  has 
altered  owing  to  the  real  expansion  g  of  the  glass. 


Let  V  be  the  capacity  of  a  division  at 
and  Vx  jj  5>  >’  >> 

V-,  ^  V 

Then,  n  =  — — 

V 


0° 

1° 


Therefore 
Also, 


i  +  ^  — 


V 


in  +  1)  -  yiv 

m  =  - - 

nv 

{n  +  1)  Vx 


1 

X 


Therefore  1  +  m  = 


nv 

{n  +  1)  Vi 
nv 

?^  +  1 


n 


Yl 

V 


(i  +A  • 

\  n  I 


n'  V 
=  (1  +  a)  (1  +  g) 

=  1  +  a  +  g  +  ag] 
Therefore  m  =«+(/+  ag 

or,  if  we  neglect  the  very  small  quantity  ag,  m  = 
From  this  we  might  deduce 


a  +  (/. 


g  rn  —  a 

1  1 
5550  6480 

=  0-000180  -  0  000154 
=  0-000026 

which  shows  that  the  real  expansion  of  glass  is  about 
Hh  of  the  real  expansion  of  mercury. 
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The  expansion  of  water  is  anomalous :  1,000  c.c. 
of  water  at  0°,  when  heated,  contract  to  999*88  c.c. 
at  4°.  At  8°  the  volume  is  again  1,000,  at  16°  1,000*85, 
and  the  expansion  continues  as  the  temperature 
rises.  Water,  therefore,  is  not,  like  most  liquids, 
heaviest  at  its  freezing-point,  but  at  4°  C.  above  it. 

This  physical  fact  has  a  far-reaching  effect  on 
natural  phenomena.  If  water  continued  to  become 
heavier  until  it  froze,  ice  would  begin  to  form  at 
the  bottom  of  lakes,  rivers,  etc.  They  would  be 
frozen  solid  during  a  severe 
winter,  and  would  probably 
not  completely  melt  during  the 
summer.  But  as  water  when 
cooled  below  4°  expands,  the 
colder  and  lighter  water  rises 
to  the  top  and  ice  forms  on 
the  top,  while  the  heavy  layer 
of  water  at  4°  rests  on  the 
bottom. 

This  can  be  verified  by 
Hope’s  experiment.  A  tall 
cylinder  (Fig.  82)  has  two 
thermometers  fitted  in  its  side,  one  at  the  top  and 
one  at  the  bottom  ;  the  middle  is  cooled  by  a  gallery 
containing  ice  and  salt.  The  thermometer  beneath 
will  be  found  to  sink  to  4°  C.  and  no  lower,  while  the 
thermometer  at  the  top  falls  till  ice  begins  to  form. 

When  water  freezes  it  expands  of  its  volume, 
so  that  ice  is  lighter  than  water,  its  sp.  gr.  being 
0*9175.  This  expansion  takes  place  with  enormous 
force,  bursting  iron  bottles,  water-pipes,  disintegrating 
rocks,  etc. 

Expansion  of  g-ascs.  -All  gases  have  the  same 
coefficient  of  expansion  as  dry  air  (p.  118),  and 
therefore  expand  by  243  of  their  volume  at  0°  C.  for 


- ~ 

'■0. 

-t'.J  .'J, 

-  - 

---I 

Fig.  82. — Hope’s 
experiment. 
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a  rise  of  C.  in  temperature.  Similarly,  a  ^true 
gas  will  contract  by  of  its  volume  at  0°  for 
a  fall  of  1°  C.  If  it  continues  to  do  so  as  the  tem¬ 
perature  falls,  it  will  oecupy  no  volume  at  all  at 
—273°  C.,  because  it  will  have  contracted  of 

its  volume.  This  does  not  really  happen.  Before 
this  temperature  is  reached,  every  substance  ceases 
to  be  gaseous  and  therefore  no  longer  obeys  this, 
or  any,  gaseous  law.  Though  never  actually  reached, 
it  is  regarded  as  the  lowest  possible  temperature, 
and  is  often  called  the  absolute  zero.  Temperatures 
reckoned  from  this  point  are  known  as  absolute 
temperatures.  They  can  evidently  be  obtained  by 
adding  273  to  the  Centigrade  temperature.  Thus, 
100°  C.  is  373°  absolute,  0°  C.  is  273°  absolute, 
and  f  C.  is  (273  +  t)°  absolute. 

The  expansion  of  a  gas  is  regulated  by  two  laws— 
(1)  Boyle’s  law  (p.  105),  and  (2)  the  law  of  Charles 
and  Gay-Lussac,  which  states  that  the  volume 
of  a  gas  varies  directly  as  the  absolute  temperature 
when  the  pressure  of  the  gas  remains  constant. 

If  V  and  be  the  volumes  respectively  occupied  by 
the  sa7ne  mass  of  gas  at  two  absolute  temperatures,  T 
and  L,  then  ^ 

F'^  “  T'^ 

provided  that  the  pressure,  P,  does  not  change.  If, 
however,  P  changes  to  P^  but  T  remains  unchanged,  then 

F  P' 

we  know  by  Boyle’s  law  that  y,  ■“  p  • 

Hence,  when  both  P  ayid  T  change,  we  must  have 

V  _  T  P^ 

V'  ^  ^  F 
FP  F^P' 


This  relation  enables  us  to  find  what  volume  a  quantity 
of  gas  collected  at  one  temperature  and  pressure  would 
•  occupy  at  any  other  temperature  and  pressure. 
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If,  while  the  temperature  rises,  a  gas  be  not  allowed 
to  expand,  the  pressure  of  the  gas  must  be  increased 
in  proportion  to  the  absolute  temperature,  for 
have  then  V  =  V' 

,  P  P' 

3<iid.  .  . 


or 


F  _r 
p  “T 


If  the  range  of  temperature  chosen  for  the  experiment 
be  from  0°  C.  to  t°  C.  we  see  that 

P'  273  +  i 

P  “  273 


P'  273  +  ^ 

'  '  P  “  273 

P'  -  P  t 
P  ^  ^ 

I  ,  P'  -  P  _  1 

^  ot  p  -  273 


The  expression  on  the  left-hand  side  is  the  coefficient 
of  increase  of  pressure  of  the  gas  when  kept  at  con¬ 
stant  volume  ;  it  is  evidently  equal  to  the  coefficient 
of  expansion  (p.  118),  and  might  be  determined  by 
experiments  with  the  air  thermometer  (Fig.  73). 
For  this  purpose  mercury  would  be  constantly  added 
to  the  open  limb  of  the  U  to  keep  the  mercury  in 
the  other  limb  always  at  the  zero  level  in  spite  of 
the  rise  of  temperature  ;  the  height  (h)  of  the  mer¬ 
cury  in  the  open  limb  above  the  zero  level  will  be 
proportional  to  the  temperature,  and  the  instrument 
might  be  graduated  accordingly,  for  it  can  easily 
be  shown  that  t  273 


h~  H 

where  H  is  the  barometer  reading  when  the  mercury 
in  both  limbs  stands  at  the  zero  level  and  the  dry 
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air  enclosed  is  at  0°  C.  H  is  therefore  constant  as 
long  as  the  mass  of  air,  or  other  gas,  employed  as  the 
thermometric  substance  is  not  altered  ;  consequently 

t  —  hli 

where  h  is  some  constant.  The  instrument  thus 
graduated  becomes  a  constant-volume  air  thermometer. 

On  the  expansion  of  air,  when  heated,  depends 
the  ventilation  of  rooms,  collieries,  etc.  The  hot  air 
rises  and  escapes  by  any  opening  at  the  top  of  the 
room,  the  cold,  fresh  air  flowing  in  along  the  floor. 


Fig.  83.— A  “blower.”  Fig.  84. --Effect  of  partition. 

It  is  advantageous  to  remember  this  fact  when  a 
rescue  is  being  attempted  from  a  burning  building : 
a  cold,  fresh  current  of  air  fairly  free  from  smoke 
can  usually  be  found  by  crawling  along  the  floor. 

To  the  expansion  of  air  is  due  the  draught  in  a 
chimney.  The  draught  can  be  increased  by  using 
a  thin  sheet  of  metal  to  shut  out  all  the  cold  air 
which  is  usually  sucked  in  between  the  mantelpiece 
and  the  fire-bars.  Such  a  contrivance  is  called  a 
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‘‘  blower  ”  (Fig.  83).  It  forces  all  tlie  air  to  pass 
through  the  fire,  thus  quickening  combustion  ;  at 
the  same  time  it  ensures  that  all  the  air  passing  into 
the  chimney  is  well  heated.  A  great  difference  be¬ 
tween  the  specific  gravity  of  the  gases  in  the  chimney 
and  the  air  outside  is  thus  set  up,  and  the  draught 
thereby  greatly  increased. 

Sometimes  it  is  of  great  use  to  divide  the  incoming 
and  the  outgoing  currents  by  a  partition.  Thus,  a 
nightlight  at  the  bottom  of  a  tall,  narrow  glass  jar 
soon  flickers  and  goes  out,  but  if  a  loose  partition 
])e  inserted  the  flame  burns  brightly,  and  the  two 
currents  of  air,  instead  of  obstructing  each  other, 
pass  on  opposite  sides  of  the  partition  (Fig.  84). 

Exercises 

1.  Calculate  the  apparent  coefficient  of  expansion  of  the 
alcohol  used  by  Reaumur  in  his  original  thermometer  from 
the  information  given  on  p.  113. 

2.  A  flask  full  of  air  at  10°  C.  is  heated  to  100°  C.  and 
then  corked  up,  and  it  is  found  that  as  a  result  of  the  heating 
1  grm.  of  air  has  escaped.  What  weight  of  air  was  originally 
in  the  flask  ? 

3.  In  an  experiment  with  a  constant-volume  air  ther¬ 
mometer  the  initial  temperature  is  15°  C.  and  the  initial 
pressure  of  the  air  is  75  cm.  of  mercury.  The  bulb  is  then 
immersed  in  the  vapour  of  boiling  alcohol,  and  the  result 
is  that  the  pressure  of  the  air  becomes  91-4  cm.  of  mercury. 
What  value  does  this  give  for  the  boiling-point  of  alcohol  ? 
{First  M.B.  Lond.] 

4.  Two  similar  bars,  one  of  steel,  the  other  of  brass,  are 
laid  side  by  side.  What  must  be  the  length  of  each  bar  at 
0°  C.,  in  order  that  the  difference  between  their  lengths  shall 
be  exactly  20  cm.  at  all  temperatures  ? 

Coefficient  of  linear  expansion  of  steel  =  0*0412 
„  ,,  ,,  „  brass  =  0*0418 

5.  A  clock  with  an  iron  pendulum  is  adjusted  to  keep 
correct  time  at  20°  C.  What  will  be  the  rate  of  the  clock 
if  the  temperature  falls  to  0°  C.  ? 

Coefficient  of  linear  expansion  of  iron  =  0*04^2 
(For  Answers,  see  p.  389.) 


CHAPTER  III 


TRANSFERENCE  OF  HEAT 

Conduction — Convection— Radiation — Exercises. 

Heat  has  already  been  defined  (p.  25)  as  a  form  of 
kinetic  energy.  It  has  also  been  stated  (p.  108) 
that  when  two  parts  of  a  material  system  are  not 
at  the  same  temperature  there  will  be,  if  not  pre¬ 
vented,  a  net  transference  of  heat  from  the  hotter 
part  to  the  colder  till  thermal  equihbrium  is  produced. 
This  transference  of  heat  is  effected  by  one  or  more 
of  three  processes  which  are  distinguished  by  the 
terms  conduction^  convection,  radiation.  In  the  first 
two  processes  the  parts  or  bodies  between  which  the 
transference  of  heat  occurs  must  be  in  actual  contact ; 
in  radiation  they  are  separated  by  an  intervening 
medium  which  does  not  itself  become  warmed  by 
the  heat  transmitted  through  it.  Each  process  must 
now  be  considered  in  some  detail. 

Coiidtietioii  is  the  process  by  which  heat  is 
transmitted  in  solids.  Here  the  essential  condition 
of  contact  is  clearly  fulfilled.  Accordingly,  when  one 
part  of  a  sofid  is  made  hotter  than  another,  a  portion 
of  the  heat  supplied  is  passed  on  to  other  portions 
with  which  the  heated  portion  is  in  actual  contact,  and 
so  on.  The  molecules  are  set  in  vibration,  and  the 
vibration  is  transmitted  from  one  particle  to  the  next 
without  any  'perceptible  movement  of  the  particles.  If 
the  end  of  a  poker,  for  instance,  be  placed  in  a  fire, 
the  handle  will  presently  be  found  to  be  hot,  and 
every  part  of  the  poker  between  the  end  and  the 
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handle  will  also  be  found  to  be  hot.  The  extent  to 
which  this  conduction  of  heat  takes  place  differs 
considerably  in  different  solids. 

The  metals  are  by  far  the  best  conductors  of  heat. 
Next  come  marble  and  various  stones,  whilst  wood, 
wool,  furs,  cotton,  etc.,  are  such  bad  conductors 
that  they  are  usually  termed  non-conductors. 

Even  among  metals,  considerable  differences  in 
conductivity  are  found.  The  best  conductors  are 
silver  and  copper,  whilst  platinum  and  German  silver 
are  among  the  worst.  Representing  the  conductivity 
of  silver  as  100,  that  of  copper  has  been  estimated 
at  85,  and  of  platinum  at  8‘4, 


Fig.  85. — Conduction  of  brass  and  of  wood. 


Fig.  85  shows  an  experiment  illustrating  the  fact 
that  brass  is  a  much  better  conductor  than  wood. 
A  cylinder,  half  brass,  half  wood,  has  a  sheet  of  thin 
paper  tightly  gummed  round  it.  When  the  bar  is 
heated  by  a  Bunsen  flame  at  the  junction  of  the  brass 
and  wood,  the  paper  over  the  wood  chars,  but  the 
brass  conducts  away  the  heat  so  rapidly  that  the 
paper  is  not  scorched. 

The  conducting  power  of  coffer  is  well  shown  by 
placing  a  piece  of  fine  copper  gauze  about  an  inch 
above  a  Bunsen  burner.  When  the  gas  is  turned 
on  and  a  light  apphed  above  the  gauze,  the  gas  will 
burn  above,  but  remain  unlighted  below,  the  gauze. 
The  copper  conducts  the  heat  away  so  rapidly  that 
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the  gas  helow  the  gauze  is  not  raised  to  the  tem¬ 
perature  at  which  ignition  takes  place. 

The  miner’s  “  safety  lamp  ”  depends  on  the  same 
principle.  The  flame  of  the  lamp  is  surrounded  by 
fine  copper  gauze.  If  the  lamp  be  placed  in  an 
atmosphere  containing  “  fixe  damp,”  the  marsh  gas 
may  burn  inside  the  lamp,  but  .the  flame  is  at  first 
so  cooled  down  by  the  copper  gauze  that  the  gas 
outside  is  not  raised  to  the  ignition  point.  The 
miner  has  therefore  time  to  retreat  from  the  dangerous 
atmosphere. 

Non-conductors  of  heat  —  wool,  furs,  flannel, 
feathers,  etc, — have  been  naturally  selected  for  cloth- 
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Fig.  86. — Ingenliousz  trougii. 


ing.  Ice  is  surrounded  with  non-conductors  to  prevent 
it  from  absorbing  heat  during  the  summer  time. 

The  relative  conductivity  of  substances  for  heat 
can  be  shown  by  means  of  the  Ingenhousz  trough 
(Fig.  86),  in  which  rods  of  various  substances  coated 
with  wax  are  fixed  by  corks  in  the  side  a,  having 
their  ends  projecting  into  the  trough.  Hot  water 
is  poured  into  the  trough,  and  the  relative  con¬ 
ductivity  is  shown  by  the  lengths  of  wax  which  are 
melted.  The  best  conductor  is  that  on  which  the 
wax  melts  farthest,  and  is  not  necessarily  that  on 
which  it  melts  -first.  The  substance  on  which  the 
wax  melts  first  has  the  highest  difiusivity — a  property 
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wliicli  is  inversely  proportional  to  the  specific  heat 
of  the  substance. 

The  absolute  conductivity,  k,  of  a  substance  may 
be  defined  as  “  the  quantity  of  heat  transferred  in 
unit  time  across  unit  area  of  a  plate  of  unit  thick¬ 
ness  composed  of  that  substance  and  having  unit 
difference  of  temperature  between  the  two  faces  of 
the  plate.”  Erom  this  definition  it  follows  that, 
when  the  difference  of  temperature  between  the 
two  faces  of  the  plate  is  6°, 

Calories  Sec.  Sq.  cm.  Cm. 

kO  pass  in  1 
kO.t.k  . 

1“  ” 

Liquids,  except 
heat.  Water  can 
be  boiled  in  the 
upper  part  of  a 
test  tube  without 
any  marked  rise 
being  produced  in 
a  thermometer 
whose  bulb  is  at 
the  bottom  of  the 
liquid  (Fig.  87). 

The  relative 
conductivity  of 
liquids  can  be  in¬ 
vestigated  by  floating  a  tin  of  hot  water  on  the  surface 
and  placing  a  thermometer  at  a  definite  distance 
below  (Fig.  88). 

Coiivectioii  is  the  process  by  which  hquids  and 
gases  are  usually  heated.  In  this  process  the  final 
transference  of  heat  from  the  hotter  particle  to  the 
colder  is  probably  effected  by  conduction,  but  the 
necessary  contact  is  brought  about  by  means  of 


across  1  of  a  plate  1  thick 
A  7 

mercury,  are  had  conductors  of 


Fig.  87. — Non- conductivity  of  water. 
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currents,  and  these  form  the  distinguishing  feature 
of  convection.  Their  existence  can  be  demon¬ 
strated  by  placing  a  few  crystals  of  magenta  at  the 
bottom  of  a  large  beaker  of  water  and  heating  with 
a  small  flame  (Fig.  89).  As  soon  as  the  heat  penetrates 
the  glass  the  particles  of  water  expand  and  rise  to 
the  surface.  As  they  are  coloured,  their  motion  can 


D 


Fig.  88. — Relative  Fig.  89. — Convection  Fig.  90. — Hot-water 

conductivity  of  currents.  system, 

liquids. 


be  seen,  so  that  in  convection  there  is  a  visible  move¬ 
ment  of  the  'particles. 

The  circulation  of  hot  water  in  the  ordinary 
domestic  supply  is  due  to  convection.  There  is  a 
closed  boiler  in  the  lower  part  of  the  house  (Fig.  90), 
and  a  cistern  at  the  top.  One  pipe  a  passes  from 
the  bottom  of  the  cistern  and  ends  close  to  the 
bottom  of  the  boiler  at  b,  and  a  second  tube  passes 
from  the  top  of  the  boiler  c  and  ends  near  the  sur¬ 
face  of  the  water  in  the  cistern  at  d.  The  whole 
system  is  filled  with  water  and  the  boiler  heated, 
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when  a  current  of  hot  water  passes  up  c  i)  and  a 
return  current  of  cold  water  Hows  through  a  b.  If 
a  tap  be  inserted  at  e,  hot  water  can  be  drawn  off, 
and  if  a  coil  of  pipes  be  inserted  in  c  d  it  will  be 
filled  with  hot  water,  and  can  be  used  for  warming  a 
room. 

To  the  convection  established  by  hot-air  currents  we 
owe  the  “  land  and  sea  ”  breezes  and  the  trade  winds. 


Land  and  sea  breezes. — In  the  tropics,  where  the 
atmosphere  is  clear,  there  is  a  great  difference  between 
the  day  and  the  night  temperature  of  the  land  ; 
whereas  the  temperature  of  the  ocean  remains  fairly 
-constant.  In  the  day  when  the  sun  is  shining  the 
land  becomes  intensely  heated,  and  the  hot  air 
ascending  from  the  heated  land  is  replaced  by  cooler 
air  from  above  the  sea  (Fig.  91,  a).  The  movement 
landwards  of  this  cool  air  is  the  sea  breeze.  After  the 
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sun  sets,  the  laud  cools  rapidly  hy  radiation  into  space, 
while  the  temperature  of  the  ocean  remains  almost 
unaltered.  The  air  above  the  land  then  becomes 
the  colder,  and  the  movement  is  reversed  (Fig.  91,  h). 

The  warmer  air  as¬ 
cends  from  the  sea, 
and  is  replaced  by 
cool  air  ofi  the  land, 
the  seaward  move¬ 
ment  constituting 
a  land  breeze. 

Trade  winds.  — 
A  similar  origin 

mav  be  ascribed  to 

*/ 

the  trade  winds. 
The  sun  warms  the 
earth  most  power¬ 
fully  at  the  equator,  and  the  hot  air,  rising  up, 
flows  ofi  towards  the  poles,  while  a  return  current 
of  air  flows  in  the  reverse  direction  along  the  surface 
of  the  earth. 

If  the  earth  did  not  revolve  on  its  axis  the  upper 
current  in  the  northern  hemisphere  would  set  towards 
the  north,  and  the  return  current  to  the  south 
(Fig.  93) ;  but  as  the  earth 
rotates  from  west  to  east, 
the  particles  of  air  (which 
move  with  the  earth) 
travel  in  this  direction 
most  rapidly  at  the  equa¬ 
tor,  and  their  velocity 
diminishes  as  we  ap¬ 
proach  the  poles.  A  par¬ 
ticle  of  air  starting  from 
the  equator  towards  the  North  Pole  gains  on  the 
particles  underneath,  and  so  the  upper  current 


Fis;.  93. — Deflection  of  trat<le 

o 

winds  from  rotation  of 
the  earth. 
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flows  to  the  north-east  (Fig.  93),  and  for  a  similar 
reason  the  return  current  flows  to  the  south-west. 
Occasionally  a  volcanic  eruption  at  Teneriffe  shoots 
up  a  cloud  of  ashes  with  such  energy  that  it  reaches 
the  upper  trade  wind  and  demonstrates  the  existence 
of  the  latter,  as  it  moves  along  in  a  direction  opposed 
to  the  wind  at  the  earth’s  surface. 

The  return  ‘‘  trades  ”  in  the  northern  hemisphere 
flow  from  north-east  to  south-west  in  a  zone  north 
of  the  equator — e.g.  from  North-west  Africa  to  the 
northern  coast  of  South  America. 

Haclmtioii.— This  process  is,  as  already  indicated, 
clearly  distinguished  from  the  two  previous  ones : 
(1)  because  the  two  bodies  •between  which  the  trans¬ 
ference  of  heat  occurs  are  not  in  contact,  but  are 
separated  by  a  medium  ;  (2)  because  this  intervening 
medium  is  not  itself  warmed  by  the  passage  of  the 
heat.  Heat  so  transmitted  is  often  called  radiant 
heat.  The  sun  warms  the  earth  by  radiation.  We 
are  warmed  by  radiation  when  we  stand  in  front 
of  a  fire.  The  radiant  heat  of  the  sun  is,  in  fact, 
the  main  source  of  our  heat  supply.  This  heat  does 
not  warm  the  highly  vacuous  and  intensely  cold 
regions  through  which  it  travels  on  its  way  to  this 
earth.  The  rays  of  the  sun  passing  through  a 
window  and  falhng  on  the  window-sill  often  make 
this  quite  hot,  though  the  glass  of  the  window 
remains  cold.  Radiant  heat  warms  those  objects 
through  which  it  does  not  pass,  objects  which 
are  opaque  to  heat  rays  ;  it  does  not  warm  those 
bodies  through  which  it  passes,  bodies  which  are 
transparent  to  heat  rays  and  are  therefore  called 
diathermanous . 

There  is  a  close  analogy  between  radiant  heat 
and  other  forms  of  radiant  energy,  such  as  light  and 
electricity.  Radiation  of  heat  is,  in  fact,  a  sort  of 
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wireless  thermal  telegraphy.  In  all  these  cognate 
phenomena  the  exciting  cause  is  the  more  or  less,- 
rapid  vibration  of  the  molecules  of  the  radiating 
body.  The  propagation  of  this  vibration  through 
space  by  means  of  the  ether  which  fills  all  space 
constitutes  a  wave  ;  when  the  wave  reaches  a  suitable 
receiver  which  is,  so  to  speak,  ''in  tune'’  with  it,  the 
energy  is  more  or  less  absorbed  by  the  receiver, 
which  then  emits  the  appropriate  response  ;  this 
response,  when  translated  by  our  senses,  is  described 
by  us  as  heat,  light,  electricity,  etc. 

Absorption  of  radiant  heat,— Some  substances  ab¬ 
sorb  radiant  heat  much  better  than  others.  The 
sun’s  heat,  as  already  mentioned,  passes  through  the 
atmosphere  without  perceptibly  warming  it ;  but 
when  it  falls  on  the  earth  the  heat  is  absorbed 
and  the  hot  surface  warms  the  air.  The  top  of  a 
mountain  is  much  colder  than  the  ground  at  its  foot, 
because,  although  the  mountain  is  a  little  nearer  the 
sun,  it  is  constantly  dissipating  its  heat  by  radiation 
into  space ;  whereas  the  plain  is  receiving  the  heat 
radiated  from  the  higher  ground  which  surrounds  it 
on  every  side. 

A  dull,  black  surface  is  the  best  absorber  of  heat 
rays,  and  a  polished  metal  surface  the  worst.  On 
the  other  hand,  the  polished  metal  surface  reflects 
heat  better  than  a  dull,  black  surface. 

It  is  obvious  that  the  heat  which  falls  on  a  surface, 
not  diathermanous,  will  be  partly  absorbed,  raising 
the  temperature  of  the  body,  and  partly  reflected. 
If  the  absorption  is  great  the  portion  reflected  will 
be  small,  and  vice  versa. 

A  surface  which  absorbs  heat  well  will  form  a  good 
radiator. 

These  facts  can  be  demonstrated  by  a  Leslie's 
cube  (Fig.  94) — a  tin  box  filled  with  hot  water.  One 
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^side  is  polished,  one  painted,  one  varnished,  and  the 
fourth  smoked  a  dead  black.  The  sides  are  all 
maintained  by  the  hot  water  at  the  same  temperature, 
but  it  will  be  found  that  they  radiate  very  different 
amounts  of  heat,  the  smoked  surface  being  by  far 
the  best  radiator.  The  radiation  from  each  surface 
may  be  compared  by  presenting  that  surface  to  a 
thermopile  (p.  370)  connected  with  a  mirror  galvano¬ 
meter.  The  superior  absorption  by  a  smoked  surface 
can  be  shown  (Fig.  95)  by  exposing  two  tin  plates, 
one  polished  and  one  smoked,  to  the  radiation  from 
a  red-hot  iron  ball.  The  smoked  surface  rapidly 


Fig.  94. — Leslie’s  Fig.  95. — Absorption  l)y  Fig.  90. — Dewar’s 
cube.  black  and.  by  polished  plate.  vacuum  vessel. 

rises  in  temperature  and  lights  a  piece  of  phosphorus 
placed  behind  it. 

To  heat  a  saucepan  placed  in  front  of  a  fire,  its 
surface  should  be  blackened.  On  the  other  hand, 
to  boil  a  kettle  on  a  hot  plate,  the  bottom  of  the 
kettle  should  be  bright  and  free  from  soot,  because 
tliis  substance  greatly  hinders  the  conduction  of  heat 
from  the  plate  to  the  kettle.  Hot-water  pipes  should 
be  dead  black,  teapots  should  be  brightly  polished, 
as  in  the  former  the  object  is  to  promote  radiation, 
in  the  latter  to  prevent  it. 

A  red-hot  iron  ball  cooling  on  a  metal  stand  illus¬ 
trates  the  three  methods  by  which  heat  is  conveyed. 
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Thus,  it  loses  heat  by  conduction  along  the  metal 
stand  by  convection  from  the  currents  of  cold  air 
wliich  are  constantly  carrjdng  off  heat  as  they  get 
warmed  and  rise,  and  by  radiation  as  it  emits  radiant 
heat  through  the  air  in  all  directions. 

We  must,  therefore,  if  we  wish  to  prevent  a  hot 
substance  from  losing  heat,  (1)  place  it  in  contact, 
if  possible,  only  with  non-conducting  substances,  such 
as  wood,  wool,  felt,  paper  ;  (2)  protect  it,  if  possible, 
from  air  currents  (the  vacuum  vessel.  Fig.  96,  does 
this  most  successfully) ;  (3)  screen  it,  if  possible, 
from  radiation — by  surrounding  it,  for  instance,  with 
a  bright,  polished,  metal  surface. 

We  must  adopt  precisely  the  same  precautions  if 
we  wish  to  prevent  a  cold  body  from  gaining  heat — 
e.g.  to  keep  ice  from  melting  in  a  warm  room. 

Sir  James  Dewar  found,  when  working  with  liquid 
air,  that  most  of  the  loss  by  evaporation  of  this 
intensely  cold  liquid  ( —  180°  0.)  was  due  to  the  heat¬ 
ing  by  convection  currents  of  the  air,  which  warmed 
the  outside  of  the  flask,  wliile  the  particles  of  air, 
cooled  by  contact  with  the  flask,  continually  descended, 
giving  place  to  others.  He  therefore  invented  his 
vacuum  vessel  or  cup  (Eig.  96),  now  well  known  to 
all  workers  at  low  temperatures.  In  this  apparatus, 
convection  is  completely  stopped  by  placing  the 
outside  wall  of  the  vessel  containing  the  liquid  air 
c  in  a  vacuum,  in  wliich,  as  no  particles  of  air  are 
present,  no  convection  can  take  place.  The  space 
A  A  is  exhausted  by  a  pump  and  sealed  off  at  b. 

The  analogy  between  radiant  heat  and  light  has 
already  been  illustrated  by  the  parallel  between 
diathermanous  and  transparent  substances.  Colour¬ 
less  roch  salt  is  the  most  diathermanous  substance 
known.  It  allows  heat  from  the  sun,  from  a  lamp, 
from  boiling  water,  to  pass  equally  well.  Some 
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substances  are  diatliermanous  only  to  certain  beat 
rays.  The  radiant  heat  emitted  by  a  body  which  is 
not  luminous,  and  would  be  invisible  in  a  dark  room, 
is  called  “  dark  heat”  to  distinguish  it  from  the 
radiant  heat  emitted  by  a  luminous  body  and  called, 
for  this  reason,  “  light  heat”  The  same  substance 
is  often  not  equally  diatliermanous  to  both  these 
kinds  of  radiant  heat. 

Glass  allows  the  light  heat  to  pass,  but  is  very 
opaque  to  dark  heat.  Thus,  a  glass  screen  in  front  of 
a  blazing  fire  allows  the  luminous  heat  rays  to  pass, 
but  absorbs  the  non-luminous  heat  rays  given  ofi 
by  the  bars,^  etc.  These  constitute  by  far  the 
largest  proportion  of  the  heat,  and  the  screen  there¬ 
fore  becomes  very  hot. 

The  excessive  heat  in  a  conservatory,  with  a  glass 
roof,  when  the  sun  is  shining,  is  explained  by  the 
property  that  glass  has  of  allowing  the  luminous 
heat  rays  of  the  sun  to  pass  in,  while  it  stops  the 
non-luminous  heat  rays  from  the  interior  walls, 
shelves,  etc.,  from  passing  out. 

Substances  may  be  quite  opaque  to  light  and  yet 
be  diatliermanous — e.g.  vulcanite,  a  strong  solution 
of  iodine  in  carbon  disulphide,  etc. 

The  following  table  shows  the  proportion  of  heat 
rays  which  pass  through  various  substances  from 
different  sources  of  heat,  the  total  number  of  heat 
rays  emitted  in  each  case  being  taken  as  100 
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Source  of  Heat 

IN.  THICK  OF 

Oil 

White-hot 

Copper 

Copper 

lamp 

platinum 

at  400^^ 

at  100° 

Rock  Salt  . 

92-3 

92-3 

92-3 

92-3 

Glass 

39 

24 

G 

0 

Quartz  . 

38 

28 

G 

3 

Alum 

9 

2 

0 

0 

Ice  . 

6 

5 

0 

0 
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A<iU(ioiis  vapour  absorbs  a  coiisidcrablc  ainount  of 
heat.  In  damp  climates  the  radiation  at  night  is 
largely  stopped  by  the  aqueous  vapour.  In  dry 
climates,  such  as  those  of  South  Africa  and  Australia, 
the  absence  of  aqueous  vapour  leads  to  a  rapid 
cooling  by  radiation,  so  that  even  after  the  hottest 
day  the  temperature  soon  falls  to  the  freezing-point. 

Exercises 

1.  Supposing  the  body  to  be  covered  with  a  layer  of  woollen 
clothing  on  the  average  3  mm.  thick,  the  inner  surface  at 
the  temperature  of  the  body  (37°  C.)  and  the  outer  at  the 
temperature  of  the  air  (15°  C.),  and  the  area  of  the  body 
surface  to  be  1*5  sq.  metres,  calculate  the  number  of  calories 
lost  from  the  skin  in  24  hours,  the  conductivity  of  wool 
being  0-00003.  [First  M.B.  Lond.] 

2.  An  iron  boiler  is  6  mnl.  thick.  Find  the  difference  of 
temperature  •  between  the  inside  and  outside  surfaces  if 
10  kg.  of  water  at  100°  C.  are  evaporated  per  hour  per  square 
metre,  the  conductivity  of  the  iron  being  0-2  and  the  latent 
heat  of  steam  540. 

3.  A  vacuum  flask  of  effective  area  300  sq.  cm.  and  a  total 
wall-thickness  of  7  mm.  is  filled  with  20  grm,  of  melting  ice. 
Steam  is  continually  passed  round  the  vessel,  and  after  20 
hours  it  is  found  that  all  the  ice  has  melted.  Find  the  heat 
transmitted,  and  express  the  insulating  qualities  of  the  flask 
as  a  thermal  conductivity.  (The  latent  heat  of  ice  is  80.) 

4.  How  much  heat  would  escape  in  an  hour  through  an 
unlagged  steam -pipe  of  copper,  the  steam  being  at  140°  C., 
the  exterior  surface  of  the  pipe  at  138°  C.,  the  thickness  of 
the  metal  2  mm.,  its  conductivity  0-9,  and  the  total  external 
surface  1  sq.  metre  ?  How  much  steam  will  have  condensed 
in  the  pipe  during  this  time,  the  latent  heat  of  the  steam 
being  510  calories  per  grm.  ? 

5.  What  different  types  of  radiation  may  be  emitted  from 
a  heated  body  ?  In  what  respects  do  they  differ,  and  how 
may  each  be  obtained  separate  from  the  others  ?  [First 
Professional.] 

6.  Explain  how  the  transference  of  heat  between  a  calori¬ 
meter  and  surrounding  objects  can  be  reduced  to  a  minimum. 
Why  is  this  reduction  desirable  ?  [Ibid.] 

(For  Answers,  see  p.  389.) 


CHAPTER  IV 


CALORIMETRY 

Latent  Heat  of  Fusion — Calories — Calorimetry — Melting- 
point — Freezing  Mixtures — Latent  Heat  of  Steam- 
Specific  Heat — Exercises. 

It  was  stated  (p.  107)  that  the  increased  mobility 
of  the  particles  of  a  body  which  is  produced  by  the 
apphcation  of  heat  often  results  in  a  visible  change 
of  state.  A  solid  melts  and  becomes  liquid ;  a 
liquid  boils  and  assumes  the  gaseous  state.  If  we 
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Fig.  97. — Graphic  representation  of  rise  of  temperature  on  heating 
a  solid,  showing  the  stationary  position  of  the  thermometer 
during  the  melting,  A — B. 

keep  a  thermometer  in  contact  with  a  lump  of  bees¬ 
wax  in  a  beaker,  or  porcelain  basin,  to  which  heat 
is  gradually  applied,  we  shall  find  that  the  tem¬ 
perature  rises  until  the  solid  begins  to  melt,  and  then 
remains  unaltered  until  all  the  solid  has  melted 
(Fig.  97).  During  the  time  the  thermometer  remains 
stationary,  the  heat  contributed  to  the  substance 
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evidently  does  not  make  tke  body  any  hotter,  but 
seems  to  become  concealed  or  latent.  It  was  there¬ 
fore  termed  latent  Iieat  by  Joseph  Black,  M.D. 
(1728-1799),  who  first  demonstrated  its  existence, 
and  in  certain  cases  estimated  its  value,  e.g.  in  the 
change  of  water  into  steam. 

We  now  know  that  the  latent  heat  is  absorbed  in 
producing  that  additional  molecular  kinetic  energy 
which  distinguishes  the  new  state  from  the  old.  The 

.heat  absorbed  in  the  passage 
from  solid  to  liquid  is  fre¬ 
quently  called  the  latent  heat 
of  fusion.  Its  value  is  often 
considerable.  If  two  exactly 
similar  vessels  be  taken,  one 
containing  1  lb.  of  ice  at  0°  C., 
and  the  other  1  lb.  of  water  at 
0°,  and  if  these  vessels  be 
heated  with  exactly  similar 
burners  starting  at  the  same 
moment,  the  temperature  of 
the  water  will  begin  to  rise  at 
once,  but  that  of  the  ice  will 
remain  at  0°  till  all  the  ice 

has  melted,  if  the  mixture  of 
Fig.  J8.--Latent  iieat  of  water  be  thoroughly 

stirred.  By  this  time  the 
thermometer  in  the  water  will  be  at  79°  (Eig.  98). 
In  other  words,  as  much  heat  is  required  to  convert 
1  lb.  of  ice  at  0°  into  1  lb.  of  water  at  0°  as  would 
raise  1  lb.  of  water  from  0°  to  79°  C.,  or  from  32°  E. 
to  174-2°  E.  The  latent  heat  of  water  is  therefore 
said  to  be  79  when  the  unit  interval  of  temperature 
is  1°  C.,  and  142-2  when  this  unit  is  1°  E.  The  first 
value,  or  80,  is  generally  used. 

The  iiiiiJ  quantity  of  Iieat  has  already  been 
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stated  (p.  4)  as  a  derived  unit.  We  shall  now  only 
specify  two — - 

(1)  The  gramme-degree-Centigrade 

unit  of  heat  or  calorie :  this  is  the  quantity  of  heat 
which  will  raise  the  temperature  of  a  gramme  of 
water  by  1°  C.  ;  79  calories  are  required  to  convert 
1  grm.  of  ice  at  0°  C.  to  water  at  0°  C. 

(2)  The  'pound-degree-Fahrenheit 

unit  of  heat,  or  British  Thermal  Unit  (B.Th.U.)  : 
this  will  raise  the  temperature  of  1  lb.  of  water  by 
1°  F.  ;  142-2  such  units  are  required  to  convert  1  lb. 
of  ice  at  0°  C.  to  water  at  0°  C. 

The  unit  of  heat  thus  defined  is  not  really  quite 
invariable,  and  in  strictness  we  distinguish  three 
calories  : 

(1)  The  mean  calorie,  which  is  one-hundredth  of 
the  heat  required  to  raise  1  grm.  of  water  from  0°  C. 
to  100®  C. 

(2)  The  zero  calorie,  which  will  raise  1  grm.  of 
water  from  0°  to  1®  C. 

(3)  The  eommon  calorie,  which  will  raise  1  grm. 
of  water  through  1®  C.,  between  15®  C.  and  17®  C., 
which  is  practically  at  ordinary  room-temperature. 
This  is  the  smallest  unit  of  the  three. 

1,000  common  cals.  =  992  zero  cals.  =  987  mean  cals. 

The  large  calorie  or  major  calorie  (Cal.)  must  be 
carefully  distinguished  from  the  smaller  unit  (cal.). 

1  Cal.  =  1,000  cals. 

The  Cal.  therefore  produces  the  same  thermal 
change  in  1  kg.  of  water  that  the  cal.  produces  in 
1  grm.  of  the  same  water. 

Thermal  processes  may  be  regarded  as  reversible : 
a  body  gives  out  when  its  temperature  falls  by 
1°  C.  exactly  the  same  amount  of  heat  as  it  must 
absorb  to  raise  its  temperature  by  1®  C.  When 
water  freezes,  an  amount  of  heat  is  evolved  equal 
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to  the  latent  heat  which  would  be  absorbed  in 
melting  the  mass  of  ice  formed.  The  latent  heat 
of  fusion  of  ice  cannot  be  accurately  measured  by 
the  experiment  of  Fig.  98.  The  conditions  assumed 
are  somewhat  ideal  and  serve  the  purpose  of  illus¬ 
tration  rather  than  of  measurement.  We  shall, 
however,  often  require  to  measure  this  and  other 
quantities  of  heat,  and  shall  now  indicate  a  method 
of  doing  so. 

Calorimetry. — Since  1  calorie  raises  the  tem¬ 
perature  of  1  grm.  of  water  by  1°  C., 

.*.  m  calories  raise  the  temperature  of  m  grm.  of 
water  by  1°  C., 

mt  calories  raise  the  temperature  of  m  grm.  of 
water  by  C. 

If,  therefore,  we  have  m  grm.  of  water  in  a  vessel, 
and  if  by  heating  it  in  any  way  we  raise  the  tem¬ 
perature  by  f  C.,  we  know  that  the  water  must 
have  gained  mt  calories.  We  know  also  that  more 
than  this  must  have  been  contributed,  because  we 
cannot  warm  the  water  without  warming  the  vessel, 
and  some  heat  will  be  used  in  doing  this.  The  same 
is  true  of  the  thermometer  itself  and  of  any  stirrer 
which  may  be  used  in  the  experiments  we  shall 
make.  If  the  heat  employed  in  warming. the  vessel 
and  these  accessories  could  be  utilized  in  warming 
water  instead,  we  could  raise  by  f  C.  the  temperature 
of  more  than  m  grm.  of  water ;  let  the  additional 
quantity  be  x  grm.  Then  the  vessel  and  accessories, 
in  any  thermal  change,  absorb  (or  evolve)  as  much 
heat  as  x  grm.  of  water  would  in  the  same  thermal 
change.  For  thermal  purposes  they  are  equivalent 
to  X  grm.  of  water  ;  x  is  called  their  “  water-value,” 
or  ‘‘  water  equivalent.”  It  is  determined  by  the 
following  experiment : — 

While  some  water  is  being  heated  over  a  burner,  weigh 
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the  dry  vessel,  place  in  it  a  convenient  measure  oi  cold 
water,  and  weigh  again ;  say 

Wt.  of  vessel  +  cold  water  =  49  grm. 

Wt.  of  „  =  2414  „ 

Wt.  of  cold  water  =  24-86  ,, 

Take  the  temperature  of  the  cold  water  with  a  ther- 

1° 

mometer  graduated  to  — ,  say  17-72°  C.  Remove  the 

hot  water  from  the  burner,  take  the  temperature  of  it, 
say  42-5°  0.,  and  immediately  pour  a  convenient  quantity 
into  the  cold  water,  stir  rapidly,  and  note  the  thermo¬ 
meter  ;  the  temperature  rises  rapidly,  remains  stationary 
for  an  appreciable  time,  and  then  slowly  falls.  Note 
carefully  the  stationary  temperature,  say  27-65°  G.;  finally, 
weigh  the  vessel  and  contents — 

Wt.  of  vessel  +  contents  .  .  .  =  67-15  grm. 

Wt.  of  same  before  addition  of  hot  water  =  49  ,, 

Wt.  of  hot  water  added  .  .  =  18-15  ,, 

We  have  now  all  the  necessary  data,  and  can  deduce 
the  value  of  x,  the  required  water  equivalent,  as  follows  : — 
(24-86  + a:)  grm.  of  cold  water  at  17-72°  have  been  raised 
to  27-65°,  and  must  therefore  have  received  (24-86  +  x) 
X  9-93  calories. 

18-15  grm.  of  hot  water  have  fallen  from  42-6°  to  27-65°, 
and  must  therefore  have  given  out  18-15  x  14-85  calories. 

Assuming  that  no  heat  leaves  the  vessel  and  its  con¬ 
tents,  the  loss  and  gain  must  balance,  or 

(24-86  +  x)  X  9-93  =  18-15  +  14-85 

18-15  X  14-85 
.-.  24-86  +  X  =  - gTgg - 

=  27-143 
.-.  cr  =  2-283 

The  water  equivalent  of  the  vessel  and  thermometer, 
when  used  as  in  this  experiment,  is  therefore  2-283  grm. 

Having  now  found  the  water  equivalent  of  our  vessel, 
etc.,  we  can  employ  the  same  to  determine  the  latent 
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heat  of  fusion  of  ice.  A  known  mass  of  water  at  a  known 
temperature  is  contained  in  the  vessel.  A  lump  of  dry 
ice  is  added  and  the  mixture  carefully  stirred  till  the  ice 
is  all  melted,  when  the  temperature  is  immediately  noted. 
A  final  weighing  gives  the  mass  of  the  ice  added.  The 
latent  heat  can  then  be  deduced  as  in  the  following 
record  of  an  experiment  made  by  the  same  student,  with 
the  same  apparatus,  under  circumstances  as  similar  as 
possible  :  — 

Wt.  of  vessel  and  water  .  .  =105-2.3  grm. 

—  94-1 

^  5  ^  •  ■■  X 


Wt.  of  water 

Water  value  of  vessel,  etc. 


.  =  81-08  „ 

.  =  2-283  „ 


.-.  Water  +  equivalent  .  —  83-363  ,, 

Temperature  of  water  before  addi¬ 
tion  of  ice  ...  20-7°  C. 

Temperature  of  water  after  addi¬ 
tion  of  ice  ...  18-0°  C. 

Final  weighing  .  .  .  .  =107-53  grm. 

.-.  Wt.  of  ice  added  .  .  =  2-3  ,, 

Heat  lost  by  water  and  apparatus 
in  falling  from  20-7°  to  18° 

=  83-363  X  2-7  .  .  .  =  225-0801  cals. 

This  amount  of  heat  (1)  changes  2-3  grm.  of  ice  to  water 
at  0°,  and  (2)  raises  2-3  grm.  of  water  from  0°  to  18°. 

But  we  know  that  (2)  requires  18  x2-3  =  41-4  cals. 
Therefore  (1)  must  require  225-08  -  41-4  =  183-68  cals. 
Therefore,  to  convert  1  grm.  of  ice  to  water  at  0°  must 

require  183-68 

—  =  79-86  cals. 

This  is,  therefore,  the  value  given  by  this  experiment 
for  the  latent  heat  of  fusion  of  ice. 

A  vessel  employed  in  the  measurement  of  quantities 
of  heat  is  termed  a  calorimeter.  The  vessel  used  in 
the  previous  experiment  was  a  copper  calorimeter. 
To  prevent  as  far  as  possible  external  loss,  or  gain, 
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of  heat,  subsidiary  apparatus  is  often  added.  The 
nature  of  this  has  been  indicated  in  the  discussion 
of  conduction,  convection,  and  radiation  (p.  146). 

Melting-  -  point.  — •  The  stationary  temperature 
indicated  by  the  thermometer  during  the  change 
of  a  substance  from  the  solid  to  the  liquid  state  is 
called  the  melting-point  of  the  substance.  When  the 
supply  of  the  substance  is  adequate, 
this  temperature  is  most  easily  and 
accurately  determined  as  indicated 
on  p.  149.  When,  however,  only  a 
small  quantity  of  the  substance  is 
available,  so  that  we  cannot  immerse 
the  bulb  of  the  thermometer  in  the 
melting  mass,  the  following  method 
is  employed  : — 

A  few  fragments  of  the  substance 
are  placed  in  a  small  tube,  which  is 
fixed  to  the  bulb  of  a  thermometer 
by  a  platinum  wire  or  indiarubber 
ring  (Fig.  99).  The  two  are  then 
immersed  in  a  vessel  of  water,  the 
temperature  of  which  is  slowly  raised 
till  the  substance  melts.  In  this 
method  no  stationary  temperature  is 
indicated  by  the  thermometer.  We 
must  either  use  so  little  of  the 
substance  that  the  whole  melts 
simultaneously,  or  we  must  take  as  the  true  melting- 
point  the  temperature  when  melting  begins.  Glycerol, 
strong  sulphuric  acid,  etc.,  may  replace  the  water 
if  the  solid  does  not  melt  below  100°  C. 

Some  substances  pass  through  an  intermediate 
pasty  state  before  they  become  liquid.  This  pasty 
state  enables  us  to  unite  two  pieces  of  wrought- 
iron  or  platinum  by  welding,  also  to  work  glass 
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into  a  great  variety  of  useful  and  ornamental 
articles. 

Alloys  often  melt  at  a  lower  temperature  than 
tlieir  constituents.  A  notable  example  is  Wood’s 
fusible  metal.  This  alloy  melts  at  60*5°  C.,  though 
it  is  composed  of  4  parts  by  weight  of  bismuth 
(melting  at  269 '2°  C.),  2  parts  of  lead  (melting-point, 
327*7°),  1  of  tin  (melting-point,  231-9°),  and  1  of 
cadmium  (melting-point,  320*7°). 

Freeziiig-  mixtures.— The  action  of  many  freez¬ 
ing  mixtures  depends  on  the  absorption  of  latent  heat 
during  the  sudden  and  enforced  liquefaction  of  a 
solid.  Thus,  2  parts  of  crushed  ice  or  snow,  mixed 
with  1  part  of  salt,  form  a  liquid  brine  having  a  tem¬ 
perature  of  Fahrenheit’s  zero,  or  about  —  18°  C. 
Brine  does  not  freeze  at  0°  C.,  and  so,  as  soon  as 
the  ice  and  salt  come  into  contact,  the  ice  melts  to 
form  the  solution  of  salt,  and  the  sudden  absorption 
of  the  latent  heat  required  to  melt  the  ice  causes 
the  fall  in  temperature.  In  some  cases,  instead  of 
ice  we  use  a  solid  salt  containing  a  large  quantity 
of  so-called  water  of  crystallization,  as  Glauber’s  salt 
(Na2S04  -|-  IOH2O) ;  the  so-called  water  is  solid, 
just  as  ice  is  solid.  When  this  salt  is  mixed  with 
hydrochloric  acid  the  chemical  action  forms  a  solu¬ 
tion  of  salt,  and  the  ten  molecules  of  sohd  water 
rapidly  liquefy,  causing  a  great  fall  in  temperature. 
The  sudden  solution  of  a  large  quantity  of  a  very 
soluble  salt,  as  sal-ammoniac  (NH4CI),  in  water  also 
brings  about  a  great  fall  in  temperature. 

A  considerable  quantity  of  heat  becomes  latent 
when  a  substance  is  converted  from  the  liquid  to 
the  gaseous  state  at  the  same  temperature.  In  ordi¬ 
nary  circumstances,  if  water  be  heated  the  tempera¬ 
ture  begins  to  rise,  and  continues  to  do  so  until  it 
reaches  100°  C.  or  212°  F.  At  this  temperature  the 


CHAP,  iv]  LATENT  HEAT  OF  STEAM 


157 


water  begins  to  boil  and  the  thermometer  ceases 
to  rise.  In  spite  of  the  continued  application 
of  heat  the  temperature  remains  stationary  until 
all  the  water  has  been  converted  into  steam.  The 
heat  contributed  is  absorbed  in  converting  the 
liquid  water  at  100°  into  gaseous  water  or 
steam  at  100°  ;  it  is  termed  the  latent  heat  of 
steam,  and  is  537-2°.  That  is  to  say,  to  convert 
1  grm.  of  water  at  100°  into  steam  at  the  same 
temperature,  537*2  calories  are  required  —  an 
amount  of  heat  which  would 
raise  537-2  grm.  of  water 
1°  C. 

Latent  heat  may  be  de¬ 
fined  as  heat  which  produces 
a  change  in  the  'physical 
state  of  a  substance  without 
altering  its  temperature. 

The  latent  heat  of  steam 
can  be  estimated  by  pass¬ 
ing  a  known  weight  of 
steam  into  a  calorimeter 
containing  a  known  weight 
of  water  at  a  known  tem¬ 
perature,  and  observing 
the  rise  in  temperature 
produced.  It  is  essential  that  only  steam  should 
enter  the  calorimeter  c  (Fig.  100).  A  short  tube  a 
is  therefore  interposed  as  a  trap  to  intercept  any 
water  formed  by  premature  condensation  of  steam, 
and  when  only  steam  appears  to  be  issuing  from  the 
exit  tube  the  calorimeter  is  placed  in  position.  The 
weight  gained  by  the  calorimeter  c  is  the  weight  of 
the  steam  used. 

The  following  record  of  an  actual  experiment 
illustrates  the  calculation 


Fig.  100 


Experimental  de¬ 
termination  of  latent 
heat  of  steam. 
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of  calorimeter  and  water 

=:  90-58 

grm 

r’  « 

of  calorimeter 

=  24-15 

.*.  Wt.  of  water 

=  66-43 

?? 

Temperature  of  this  water  . 

=  20-9° 

G. 

of  calorimeter,  water,  and 

steam  .... 

=  92-52 

grm 

of  calorimeter  and  water 

=  90-58 

5? 

.*.  Wt.  of  steam 

=  1*94 

?? 

Temperature  of  mixture 
Water  equivalent  of  calorimeter 
as  determined  (p.  153) 


=  37-8°  C. 


2-283  grin. 


Let  L  be  tlie  latent  heat  of  the  steam  : 

Heat  lost  by  steam  .  .  ==  1-94  x  [L  +  62-2) 

Heat  gained  bv  water,  etc.  —  68-713  x  16-9 

=  1161*2497 
.-.  1-94  X  (L  +  62-2)  =  1161*2497 

.*.  L  +  62-2  =  1161-2497  ^  ..g 

1*94 

.*.  L  =  536-38 


Specific  liciit.— The  quantity  of  heat  which 
becomes  latent  when  a  unit  mass  of  a  substance 
undergoes  a  change  of  state  varies  with  the  substance. 
Indeed  the  quantity  of  heat  absorbed  or  evolved  in 
Lmy  thermal  change  is  influenced  by  the  nature  of 
the  substance;  mt  calories  (p.  152)  are  absorbed  or 
evolved  when  the  temperature  of  m  grm.  of  water 
rises  or  falls  by  t°  C.,  but  the  same  thermal  change 
in  the  same  mass  of  alcohol,  copper,  etc.,  will  engage  or 
release  a  different  number  of  calories  in  every  instance. 
The  property  of  matter  to  which  tliis  difierence  is 
due  is  called  specific  heat.  The  difference  is  evidently 
one  of  degree,  and  measurements  of  specific  heat 
are  therefore  referred  to  some  standard  substance. 
This  is  generally  water,  and  the  specific  heat  of  any 
substance  is  simply  the  ratio  between  two  quantities 
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of  lieat — (1)  tlie  quantity  involved  in  a  certain  tlierma  1 
cliange  of  a  masKS  of  tlie  substance  ;  (2)  tlie  quantity 
involved  in  the  same  thermal  change  of  the  same 
mass  of  water. 

If,  for  instance,  H  calories  are  absorbed  or  evolved 
when  the  temperature  of  m  grm.  of  a  substance.  A, 
rises  or  falls  by  f  C.,  then  the  specific  heat,  s,  of 


E 

m  t 


H,  the  quantity  of  heat  engaged  in  the 


xhange,  is  therefore  m  s  t  calories ;  m  s,  the  value 
of  H  when  ^  =  1°,  is  called  the  thermal  capacity 
of  the  mass,  m ;  s,  the  specific  heat  of  the  sub¬ 
stance,  is  therefore  also  the  thermal  capacity  of 
unit  mass  of  it. 

The  influence  of  specific  heat  is  seen  in  the  following 
experiments  : — 

Two  balls,  one  of  iron  and  one  of  bismuth,  of  equal 
weight  (Fig.  101),  are  heated  in  boiling  Abater  for 
some  time,  and  then  laid  on  a 
cake  of  wax.  Although  these 
masses  are  of'  equal  weight  and 
at  the  same  temperature,  it  will 
be  seen  that  they  evolve  different 
quantities  of  heat ;  the  iron 
obviously  melts  much  more  wax 
than  the  bismuth.  The  specific 
heat  of  iron  is  much  greater  than 
that  of  bismuth. 

Again,  if  equal  weights  of  water  and  iron,  heated 
to  100°,  be  cooled  in  equal  weights  of  cold  water, 
the  hot  water  evolves  much  more  heat  than  the 
equal  weight  of  iron.  The  difference  is  quite  per¬ 
ceptible  to  the  hand,  and  can  be  demonstrated 
(Fig.  102)  by  immersing  the  bulbs  of  a  differential 
air  thermometer  in  the  two  beakers.  The  specific 
heat  of  water  is  much  greater  than  that  of  iron. 


Fig.  101.  —  Greater 
heating  power  of 
iron  compared 
with  bismuth. 
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In  fact,  water  lias  a  higli  specific  heat,  but  its  value 
is  represented  by  unity,  since  water  is  itself  tlie 
standard  adopted. 


SPECIFIC  HEATS  OP 

Hydrogen  .  3-409 
Water,  mixed 
with  20  per 

cent,  alcohol.  1045 
Water  .  .  1000 

Alcohol  .  .  0-615 

Glycerin  .  .  0-612 

Ice  .  .  0-5 


Fig.  102. — Specific  heats  of 
ii’on  and  water. 


VARIOUS  SUBSTANCES 


Steam 

.  0-48 

Glass 

.  0-187 

Iron 

.  0-113 

Copper  . 

.  0-095 

Zinc 

.  0-095 

Bismuth  . 

.  0-031 

Lead 

.  0-031 

Fig.  103. — Lavoisier  and 
Laplace  calorimeter. 


It  has  been  shown that  the  specific  heat  of  a  solid 
element  X  its  atomic  weight  is  equal  to  a  constant, 
about  6-4. 

Ex.  :  Iron,  0-113  x  56  .  .  =  6-34 

Bismuth,  208-5  x  0-031  .  =  6-45 

So  that  the  specific  heat  of  any  of  the  metals  can 
be  found  by  dividing  6*4  by  the  atomic  weight,  or 
the  approximate  atomic  weight  by  dividing  6 ‘4  by 
its  specific  heat. 

Determination  of  specific  li eat.— The  specific 
*  See  “A  Manual  of  Chemistry”  (Luff  and  Candy). 
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heat  of  a  substance  may  be  determined  by  one  of 
the  following  methods : — 

1.  Method  of  Lavoisier  and  Laplace. — small, 
thin  copper  box  a  (Fig.  103)  is  surrounded  by  a 
second  vessel  b  containing  ice,  which  drains  into  a 
beaker  c  ;  outside  b  is  a  third  vessel  d  also  con¬ 
taining  melting  ice,  so  as  to  protect  b  from  any 
heat  from  the  outside.  A  weighed  mass  of  the  solid 
is  raised  to  a  known  temperature  in  a  steam  oven, 
and  then  dropped  into  the  box  a,  and  the  lids  are 
put  on ;  the  beaker  c  has  been  previously  dried  and 
weighed.  The  heat  rapidly  melts  the  ice ;  the  result¬ 
ing  water  collects  in  c,  and  is  weighed.  If  m  grm. 
of  solid  at  C.  are  placed  in  A  and  fall  to  0°  C.  ;  if 
iv  grm.  of  ice  are  melted  and  the  latent  heat  of  ice 
be  79  ;  then  we  know  m  st  ~  79  iv,  and  therefore 
s  can  be  calculated. 

Black  previously  used  a  rougher  and  less  accurate 
method  by  boring  a  hole  in  a  block  of  ice,  inserting 
the  heated  substance,  and  mopping  up,  with  a 
weighed  dry  rag,  the  water  produced.  The  greater 
the  specific  heat,  the  more  ice  will  be  melted. 

2.  Regnauit’s  method. — In  this  method  the  hot 
substance  is  mixed  with  the  cold  substance,  and  on 
this  account  it  is  frequently  called  the  method  of 
mixtures.  The  apparatus  (Fig.  104)  consists  of  two 
parts,  the  heating  arrangement  and  the  calorimeter. 
The  heating  arrangement  consists  of  a  tube  of  thin 
metal  a,  which  is  heated  by  steam.  In  this  tube  the 
substance  b  is  suspended  with  a  thermometer  ;  the 
substance  is  preferably  made  in  the  form  of  a  thick 
ring,  inside  which  the  thermometer  is  placed.  The 
heating  is  continued  until  the  thermometer  remains 
constant  for  about  twenty  minutes.  In  the  mean¬ 
time  the  little  carriage  d  on  which  the  calorimeter 
is  placed  with  its  >stirrer  s,  a  delicate  theruiQmeter 
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T,  and  a  weighed  quantity  of  water,  is  wheeled  away, 
so  as  not  to  be  affected  by  the  heat  from  the  steam, 
and  its  temperature  carefully  read  ofi.  As  soon  as 
the  temperature  of  the  heated  weight  is  steady, 
the  calorimeter  f  is  run  under  the  tube  a,  a  sliding 
door  E,  which  closes  the  Inwer  end  of  A,  is  opened 
and  the  heated  substance  lowered  into  the  calorimeter, 
which  is  at  once  removed,  constantly  stirred,  and  the 


rise  in  temperature  carefully  noted.  The  calorimeter 
is  surrounded  with  several  polished  screens  p  p,  and 
with  non-conducting  material  to  prevent,  as  far  as 
possible,  its  temperature  from  being  affected  by 
surrounding  objects. 

In  this  and  all  similar  transfers  of  heat  we  have 
m  s  t  calories  of  heat  transferred  from  the  hot  body 
to  the  cold,  or  the  weight  of  the  substance  heated 
X  its  specific  heat,  x  its  fall  in  temperature  =  (the 
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weight  of  water  in  the  calorimeter  plus  its  water 
value)  X  specific  heat  of  water  X  its  rise. 

As  the  specific  heat  of  water  =  1,  we  have — 

(Wt.  of  water,  plus  water  value 
of  calorimeter)  X  its  rise 
>  p.  it.  —  substance  X  its  fall 

Ex.  1  :  A  mass  of  copper  weighing  500  grm.  is  heated 
to  100°  and  plunged  into  a  calorimeter  containing 
1,000  grm.  of  water  at  12°  ;  the  re¬ 
sulting  temperature  is  15,-7°.  Water 
value  of  calorimeter  =  4-5  grm. 

Sp.  ht.  I  ^1^x^7^0088 

of  copper  V  500  x  84-3 

Ex.  2  (with  the  Lavoisier  and 
Laplace  calorimeter) :  500  grm.  of 
copper  at  100°  melted  57  grm.  of  ice, 
therefore  (p.  161)- — 


s  = 


w  X  79  57  X  79 


=  0-09 


mt  ~  500  X  100 

Several  other  small  corrections 
have  to  be  made  to  allow  for  the 
loss  of  heat  by  radiation,  etc.,  dur- 
ing  the  experiment,  in  order  to 
obtain  rigidly  accurate  results. 

3.  Bunsen’s  method. —  In  this 
method  the  specific  heat  is  deter¬ 
mined  by  measuring  the  amount 
of  ice  melted  by  the  heated  body, 
from  the  contraction  which  takes 
place  when  ice  is  melted.  The  instrument  (Fig. 
105)  consists  of  a  long  glass  bulb  a,  attached 
to  a  graduated  capillary  tube  b  ;  a  small  test 
tube  c  is  fused  into  the  bulb  a.  Mercury  fills 
the  capillary  tube,  but  the  bulb,  above  the  mercury, 
is  filled  with  water  from  which  all  air  has  previously 


Fig'.  105. — Buusen's 
calorimeter. 
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been  expelled  by  boiling.  Some  etlier  is  poured  into 
c,  and,  by  passing  a  rapid  current  of  air  through  the 
ether,  a  thin  layer  of  ice  is  formed  round  c  in  the 
water  in  a.  The  ether  is  now  emptied  out,  some 
water  placed  in  c,  and  the  whole  allowed  to  stand 
till  it 'has  attained  the  temperature  of  0°  C.,  which 
is  indicated  by  the  column  of  mercury  in  the  capillary 
remaining  stationary.  The  heated  body  is  then 
introduced  into  c,  when  some  of  the  ice  is  melted,v 
and  from  the  contraction  of  the  mercury  in  the^ 
capillary  tube  the  amount  can  be  calculated. 

The  specific  lieat  of  a  Siqaid  can  be  found  by 
the  foregoing  methods,  and  is  most  often  determined 
by  the  method  of  mixtures.  It  can,  however,  be 
also  found  by  the  method  of  cooling.  If  m  grm.  of 
water  under  certain  circumstances  cool  through 
and  therefore  lose  m  t  calories,  we  may  assume  that 
m  grm.  of  another  liquid  in  the  same  circumstances 
will  also  lose  m  t  calories.  If  we  find,  therefore,  that 
this  liquid  cools  through  tf  and  call  its  specific  heat 
s,  we  can  say  that  m  st-^  =  m  t^  and  therefore  that 


_  t 

^  ~  h 

which  shows  that  for  the  same  mass,  cooling  under 
the  same  circumstances,  the  specific  heat  varies 
inversely  as  the  fall  of  temperature.  We  need  not 
even  use  the  same  mass  m  of  the  liquid,  though  it 
is  convenient  to  do  so  ;  the  argument  still  holds  if 
we  take  a  known  mass  7)1-^  of  the  liquid,  but  we  must 


then  sav 

k! 


and  .-.  §1 


m  t 

7)1  t 


The  specific  heat  of  a  g^as  has  two  values,  which 
refer  to  two  different  conditions— 
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(J)  When  the  gas  remains  at  constant  volume. 

(2)  When  the  gas  expands  and  remains  at 
constant  '’pressure. 

By  allowing  a  known  quantity  of  dry  air  to  circulate 
through  a  spiral  tube  surrounded  by  a  known  mass 
of  water,  Regnault  found  the  specific  heat  (2)  of 
dry  air  to  be  0-2375.  The  difference  between  this 
and  the  value  of  specific  heat  (1)  is  calculated  in  a 
later  chapter  (p.  186),  and  found  to  be  nearly  0-069. 
The  value  of  (1)  is  therefore 

0-2375  -  0-069 
=  0-1687 

Exercises 

1.  Dry  steam  at  100°  C.  is  passed  into  a  calorimeter  con¬ 
taining  100  grm.  of  -water  at  20°  C.  What  is  the  maximum 
-weight  of  steam  condensed  ?  The  steam  supply  is  then  cut 
off.  How  much  ice  at  0°  C.  must  be  added  in  order  to  bring 
the  calorimeter  and  its  contents  back  to  20°  C.  ?  Neglect  the 
thermal  capacity  of  the  calorimeter.  (Latent  heat  of  steam 
=  540  ;  of  ice  =  79.) 

2.  A  calorimeter  whose  water  equivalent  is  15  contains 
200  grm.  of  oil  at  20°  C.  Find  how  much  ice  at  0°  C.  must 
)>e  added  to  the  oil  in  order  to  cool  it  to  12-5°  C.  (The  specific 
heat  of  the  oil  is  0-6,  and  the  latent  heat  of  ice  79.) 

3.  20  grm.  of  steam  are  passed  into  a  calorimeter  contain 
ing  100  grm.  of  water  at  20°  C.  How  much  ice  will  have 
to  be  added  simultaneously  if  the  final  temperature  is  still 
to  be  20°  C.  ?  (Latent  heat  of  steam  =  540  ;  of  ice  =  80.) 

4.  In  determining  the  latent  heat  of  steam  by  the  method 
of  mixture,  453  grm.  of  water  at  12°  C.  were  placed  in  a 
calorimeter  of  water  equivalent  12  grm.  Steam  was  then 
passed  in  for  a  minute,  and  the  temperature  rose  to  25°  C. 
The  increase  of  weight  noted  was  10  grm.  A  previous 
experiment  showed  that  0-2  grm.  of  water  condensed  in  the 
supply  tube  per  minute,  and  would  have  been  carried  on 
by  the  steam.  Calculate  the  latent  heat  of  steam  from  these 
data. 

5.  Why  is  scalding  steam  at  100°  C.  more  destructive  to 
animal  tissue  than  boiling  water  at  the  same  temperature  ? 
[First  Professional.l 
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6.  Define  the  term  latent  heat.  How  many  calories  must 
be  taken  from  60  grm.  of  benzene  to  cool  it  from  20  C.  to 
0"^  C.,  given  that  benzene  freezes  at  6°  C.,  that  the  latent 
heat  of  fusion  is  30,  and  that  the  specific  heat  when  liquid 
is  0-34,  and  when  solid  is  0*25  ?  \lhid.'] 

7.  What  is  meant  by  the  statement  that  the  specific  heat 
of  iron  is  0*1  ?  If  100  grm.  of  ice-cold  iron  cools  some  water 
in  a  vessel  from  15°  C.  to  14°  C.,  how  much  lead  at  20  will 
restore  the  original  temperature  of  the  water,  the  iron  hayipg 
been  removed  ?  (The  specific  heat  of  lead  is  0*03.) 

(For  Answers,  see  389.) 
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VAPOUR  PRESSURE 

Evaporation  and  Ebullition  distinguished — Vapour  Pres¬ 
sure  —  Boiling  -  Point  —  Distillation — Hygrometry  — 
Dew-Point — Hygrometers — Exercises. 

The  gaseous  state  of  a  substance  which,  at  ordinary 
temperatures,  is  liquid  or  solid  is  generally  described 
by  the  term  vapour.  We  speak,  for  instance,  of 
alcohol  vapour,  ether  vapour,  water  vapour,  arsenic 
vapour,  etc. 

Evaporation  €lii$tiiig^ui§liecl  from  ebulli¬ 
tion.— Steam  is  aqueous  vapour  at  100°  C.  Aqueous 
vapour,  however,  exists  at  all  ordinary  tempera¬ 
tures,  and  is  always  present  in  the  atmosphere. 
If  a  little  water  be  left  in  a  shallow  dish  exposed  to 
the  air,  it  will,  after  a  time,  be  found  to  have  entirely 
disappeared,  leaving  the  dish  dry.  It  has  passed 
into  the  atmosphere  in  the  form  of  vapour  ;  it  has 
“  evaporated.”  Evaporation  takes  place  at  all 
temperatures,  and  is  therefore  distinguished  from 
ebullition,  or  boiling,  which  takes  place  only  at  a 
fixed  temperature — the  boiling-point.  Vapours  obey 
the  usual  gaseous  laws,  but  less  strictly  than  do 
the  more  permanent  gases.  They  diffuse,  tend  to 
expand,  and  fill  any  space  in  which  they  are  confined, 
and  exert  pressure  on  any  surface  in  contact  with 
them. 

If  we  introduce  a  small  drop  of  ether  at  the  closed 
end  of  a  U-tube  containing  mercury  (Eig.  106)  and 
plunge  it  into  a  vessel  of  hot  water,  the  ether  is 
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converted  into  vapour,  which  proves  its  elasticity 
by  supporting  a  heavy  column  of  mercury  in  the 
open  leg  a.  Another  striking  experiment  is  to  place 
a  small  quantity  of  water  in  a  tin  canister,  the  mouth 
of  which  can  be  closed  by  a  cork.  The  water  is  boiled 
vigorously  for  some  minutes  to  allow  the  steam  to 
expel  the  air.  The  outside  of  the  tin  is  subject  to 
the  atmospheric  pressure,  but  it  does  not  collapse, 
because  this  is  balanced  by  the  pressure  of  the  steam 
inside.  If  we  now  cork  the  canister,  at  the  same 


time  removing  the  flame,  and 
condense  the  steam  by  pouring 
on  cold  water,  this  internal 
pressure  is  instantly  reduced  to 
a  value  far  below  the  atmo¬ 
spheric  pressure  of  15  lb.  on  the 
square  inch,  the  canister  is  at 
once  crushed  in,  and  falls  as  a 
shapeless  mass. 


The  vapour  pressure  of  a 

liquid  can  be  measured  by  the 
fall  which  it  produces  in  the 
mercury  column,  when  passed 
up  into  a  barometric  vacuum 
(Fig.  107).  If,  for  instance. 


Fig.  106.— Vapour  pres 
sure  of  ether. 


some  alcohol,  ether,  or  water  be  introduced  into 
a  barometer,  the  level  of  the  mercury  instantly  falls, 
and  the  amount  of  the  depression  enables  us  to 
measure  the  vapour  pressure  in  fractions  of  an  inch, 
or  of  a  millimetre  of  mercury.  As  the  temperature 
rises,  the  vapour  pressure  increases  until  the  vapour 
pressure,  by  itself,  supports  the  atmospheric  pres¬ 
sure,  and  the  mercury  stands  at  the  same  level  in 
the  barometer  tube  and  in  the  cistern.  The  tem¬ 
perature  at  which  this  takes  place  is  the  boiling- 
point  of  the  fluid. 
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In  all  measurements  of  vapour  pressure  in  this  way, 
some  of  the  liquid  must  remain  visible  on  the  surface 
of  the  mercury ;  in  other  words,  the  space  above 
the  mercury  must  be  saturated  with  the  vapour. 
If  a  very  small  quantity  of  liquid  be  passed  up  into 
the  barometer  it  will  be  completely  converted  into 
vapour,  the  space  will  be  unsaturated’,  and  the 
maximum  vapour  pressure  will  not  be  developed. 
The  vapour  pressure  depends  on  the  nature  of  the 
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Pig.  107. — Depression  oi  Pig.  1U8. — Apparatus  for  esti- 

barometer  by  vapour.  mating  vapour  pressure. 


liquid  and  the  temperature,  but  is  independent  of 
the  atmospheric  pressure. 

The  vapour  pressure  of  a  liquid  at  various  tem¬ 
peratures  can  be  ascertained  by  the  apparatus  shown 
in  Fig.  108.  a  is  an  ordinary  barometer,  b  is  the 
barometer  tube  containing  the  liquid.  This  is  sur¬ 
rounded  by  a  second  tube,  c,  through  which  water 
at  different  temperatures  can  be  passed;  the  ther¬ 
mometer,  D,  indicates  the  temperature.  The  pres¬ 
sure  exerted  by  the  vapour  in  b  is  equal  to  that 
which  would  be  exerted  b}’^  a  column  of  mercury  whose 
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height  is  the  difference  between  the  height  of  the 
column  in  a  and  the  corrected  height  of  \the  column 
in  B.  The  correction  required  in  the  latter  case  is 
a  small  one,  due  to  the  column  of  the  liquid  above  the 
mercury  in  b  ;  the  length  of  this  liquid  stratum  must 
be  reduced  to  its  equivalent  of  mercury  and  the 
reduced  length  added  to  the  actual  height  of  the 
mercury  in  b.  The  following  are  some  values  for 
water  and  alcohol 


Vapour  Pressure 


Temp,  in  °  0. 

Water 

1 ... . 

Alcohol 

Mm.  of  mercuric 

Mm.  of  mercury 

0 

4-6 

12-2 

10 

917 

23-8 

20 

17-4 

44-0 

40 

54-9 

133-7 

60 

148-9 

350-0 

80 

354-6 

812-0 

100 

760-0 

1692-0 

200 

11689-0 

22182-0 

It  has  just  been  stated  that  the  temperature  at 
which  the  vapour  pressure  of  a  substance  is  equal 
to  the  atmospheric  pressure  is  called  the  boiling-, 
point  of  the  substance.  It  follows  that  at  the  top  of 
a  mountain  15,000  ft.  high,  where  the  .atmospheric 
pressure  would  be  about  354  mm.,  water  would  boil 
a  little  below  80°  C.,  instead  of  at  100°  C.  This 
becomes  serious  when  an  army  is  sent  on  a 
mountaineering  expedition,  as  the  water  cannot  be 
made  hot  enough,  in  open  vessels,  to  cook  pro¬ 
perly,  and  the  troops  suffer  from  indigestion.  The 
fall  in  the  boiling-point  of  water  in  an  open  dish 
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has  been  used  to  determine  the  height  of  a  moun¬ 
tain,  1°  C.  indicating  an  ascent  of  1,080  ft.,  or 
1°  F.  =  600  ft.  ;  but,  according  to  Whymper,  this 
method  does  not  give  such  accurate  results  as  the 
barometer. 

The  fall  in  the  boiling-point  can  easily  be  demon¬ 
strated  by  placing  some  hot  water  under  the  air 
pump  ;  as  the  pump  is  worked  and  the  pressure 
diminished  the  water  boils  vigorously. 

The  same  fact  can  be  shown  without  an  air  pump, 
as  follows :  Water  is  boiled  in  a  round-bottomed 
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Fig.  109. — Water  boiling  under  Fig.  110. — Ether  boiling  with 

reduced  pressure.  the  warmth  of  the  hand. 

flask  till  the  steam  has  expelled  the  air.  If  the 
flask  is  then  corked  ‘and  inverted,  the  water  can 
again  be  made  to  boil  (Fig.  109)  by  pouring  cold 
water  over  the  flask.  This  condenses  the  atmosphere 
of  steam  in  the  flask  and  creates  a  partial  vacuum, 
in  which  the  water  readily  boils  at  temperatures 
considerably  below  100°  C. 

Ether,  if  sealed  up  in  a  glass  tube  free  from  air, 
boils  when  warmed  by  the  hand,  owing  to  the 
diminished  pressure  (Fig.  110)  ;  the  bulb  A  is  held 
in  the  hand.  A  practical  application  is  found  in 
the  vacuum  pans  used  for  the  evaporation  of  sugar 
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syrup ;  by  covering  the  pans  and  reducing  the 
pressure  inside,  the  boiling-point  of  the  syrup'  is 
reduced  from  110°  to  65-5°.  ^ 

On  the  other  hand,  by  increasing  the  pressure  we 
can  raise  the  boiling-jmint,  thus  : — 


PRESSURE  IN 
ATMOSPHERES 

n 

2 

4 

8 

10 

•  20 
28 


BOILING-POINT 
OF  WATER  (°  C.) 

112-2° 

120-6 

144 

171 

?80-3 

213 

231 


Increase  in  pressure  is  utilized  for  this  purpose  in 
Papin’s  digester  (Fig.  111).  An  iron  saucepan  has  a 
turned  iron  flange  on  which  rests  a  lid  with  a  similar 
flange,  and^  tlie  two  are  clamped  so  as  to  make  an 
air-tight  joint  ;  the  lid  is  perforated  with  a  conical 
hole  A  in  which  fits  a  valve ;  this  is  kept  in  its  place 
by  the  weighted  lever  c.  Before  the  water  can  boil, 
the  vapour  has  to  lift  this  valve,  in  addition  to  the 
atmospheric  pressure  ;  the  boiling-point  is  therefore 
raised  and  the  solvent  power  of  the  water  increased. 
In  this  way  bones,  calves’  feet,  etc.,  are  quickly 
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converted  into  gelatin.  The  vulcanizer  used  by  the 
dental  mechanic  is  constructed  on  the  same 
principle. 

The  boiling-point  also  depends,  to  a  small  extent, 
on  the  nature  of  the  vessel  containing  the  liquid. 
If  its  inner  surface  be  smooth  and  clean  the  liquid 
may  be  heated  slightly  above  its  boiling-point.  Then, 
if  the  vessel  be  shaken  or  the  liquid  stirred,  a  sudden 
rush  of  vapour  ensues,  and  the  temperature  sinks 
to  its  normal  boiling-point.  This  often  causes  the 
phenomenon  of  “  bumping.’’ 


The  boiling-point  of  water  is  also  raised  by 
dissolving  in  it  various  substances,  as  common  salt, 
calcium  chloride,  etc. 

Distillation.— When  two  vessels  A  and  b,  con¬ 
nected  together,  contain  liquid  at  different  tem¬ 
peratures,  the  vapour  from  the  hotter  region  a  will 
exert  a  higher  pressure  than  the  vapour  from  b. 
Vapour  will  therefore  tend  to  move  from  A  to  the 
colder  region  b,  where  it  will  condense.  Vapour  will 
rise  continuously  from  a,  and  be  condensed  in  b  as 
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long  as  the  difference  in  temperature  is  maintained. 
In  practice  the  usual  plan  is  to  heat  the  distilling 
flask. 

One  form  of  ‘‘  still  ’’  or  ‘‘  condenser  ”  largely  used 
is  the  Liebig  condenser  (Fig.  112)  ;  another  form,  the 
spiral  condenser,  has  the  condenser  tube,  whether 
metal  or  glass,  twisted  in  a  spiral-  called  the 
“worm”  (Eig.  113). 

We  can  also  distil  by  artificially  cooling  the  receiv¬ 
ing  vessel  or  receiver.  This  is  the  principle  of  the 
cryophorus  (Fig.  114).  In  this  instrument  we  have 


two  bulbs,  A  and  b,  connected  by  a  tube  contaimng 
water  and  water  vapour.  The  air  has  been  boiled 
out  and  the  apparatus  sealed  by  the  blowpipe  at 
B.  The  water  is  transferred  to  the  bulb  b  and  the 
lower  bulb  a  immersed  in  a  mixture  of  ice  and  salt, 
the  water  vapour  in  A  is  condensed  rapidly,  vapour 
rises  from  b,  the  Water  in  b  cools,  and  eventually 
freezes  owing  to  the  loss  of  heat  from  the  enforced 
liistillation. 

Some  organic  liquids  decompose  when  distilled 
under  the  atmospheric  pressure,  so  that  it  is  advisable 
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to  distil  them  under  diminished  pressure,  and  thus 
lower  the  boiling-point.  An  apparatus  for  effecting 
this,  made  out  of  two  distilling  flasks,  is  shown  in 
Fig.  115. 

Coohng  by  rapid  evaporation  is  often  used  on  the 
large  scale  for  producing  cold  ;  one  form  of  apparatus 
is  shown  in  Fig.  116.  a  and  b  are  two  iron  vessels  ; 
in  B  is  placed  a  solution  of  ammonia  saturated  at 
0°  C.  This  is  gently  heated,  and  the  ammonia  gas 
is  driven  off  and  condenses  as  a  liquid  in  the  inter¬ 
space  of  the  double-walled  vessel  a,  which  is  kept  , 
in  cold  water.  When  sufficient  ammonia  has  distilled 
over,  the  substance 
to  be  frozen  is 
placed  in  c,  a  is 
taken  out  of  the 
water  and  sur¬ 
rounded  with'  some 
non  -  conducting 
substance,  while  b 
is  plunged  into 

cold  water ;  the 
ammonia  is  rapidly 
reabsorbed  by  the 

cold  water  in  b,  and  this  enforces  a  rapid  evapora¬ 
tion  of  the  liquid  in  a,  with  a  corresponding  abstraction 
of  heat  from  c. 

Hygrometry 

As  already  stated  (p.  167),  some  aqueous  vapour  is 
always  present  in  the  atmosphere.  The  quantity 
varies  from  day  to  day  within  certain  hmits,  but 
there  is  a  maximum  amount  which  cannot  be  exceeded 
at  any  given  temperature.  When  this  amount  is 
present  the  atmosphere  is  said  to  be  saturated.  As 
the  maximum  increases  with  the  temperature, 


Fig.  116. — Freezing  with  ammonia. 
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saturated  air,  if  cooled  to  a  lower  temperature,  will 
not  be  able  to  retain  its  full  quota  of  aqueous  vapour. 
Some  of  this  vapour,  hitherto  invisible,  will  therefore 
be  condensed,  and  may  become  visible  as  mist  or 
fog,  or  may  be  deposited  on  cold  surfaces  in  the 
form  of  dew.  If  the  fall  in  temperature  is  sufficiently 
extended,  this  condensation  may  result  in  rain  or 
snow.  Kain-drops  after  formation  may  be  suddenly 
frozen  in  passing  through  a  very  cold  stratum  of 
air,  and  become  hail-stones.  Dew  does  not  fall ;  it 
*  is  formed  in  situ  on  cold  surfaces  in  contact  with 
saturated  air.  The  explanation  of  the  formation  of 
dew  we  owe  to  Dr.  Wells.  When  the  sun  sets,  the 
temperature  of  the  surface  of  the  earth  rapidly 
falls,  heat  being  radiated  into  space.  At  last  the 
portion  of  the  atmosphere  close  to  the  earth  becomes 
so  cold  that  it  is  unable  to  retain  all  its  moisture  in 
the  form  of  vapour ;  some  of  it  therefore  condenses 
as  visible  drops  on  the  cold  surface.  If  the  sky  is 
clouded,  free  radiation  into  space  is  much  hindered, 
and  no  dew  is  formed.  If  there  is  much  wind, 
little  dew  is  deposited,  because  as  fast  as  one  portion 
of  air  is  cooled  it  is  carried  away  by  the  wind,  and 
its  place  taken  by  uncooled  air.  The  largest  forma¬ 
tion  of  dew  is  always  observed  on  calm,  clear,  cold 
nights.  Obviously,  the  best  radiators  cool  the  most 
quickly ;  the  minimum  temperature  is  found  on 
the  grass.  On  a  frosty  morning  the  wooden  sleepers 
on  a  railway  fine  will  be  covered  with  hoar-frost, 
whilst  the  polished  “  metals  ”  remain  free.  The 
temperature  at  which  the  deposition  of  dew  begins  is 
called  the  dew-poiiit.  At  this  temperature  the  air 
is  saturated  by  the  amount  of  aqueous  vapour 
actually  present.  As  all  vapours  exert  pressure 
(p.  167),  some  of  the  atmospheric  pressure  recorded 
by  the  barometer  must  be  due  to  the  pressure  of  the 
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aqueous  vapour  in  the  air.  The  pressure  of  aqueous 
vapour  at  any  temperature  is,  as  already  stated 
(p.  169),  the  pressure  it  exerts  in  a  space  saturated 
with  it  at  that  temperature.  In  fact  the  temperature 
must  be  the  dew-point.  To  find,  therefore,  what 
pressure  the  aqueous  vapour  in  the  air  is  exerting 
at  any  moment.  We  must  (1)  find  the  dew-point  at 
the  moment ;  (2)  find  (from  tables)  the  recorded 

pressure  of  aqueous  vapour  at  this  dew-point  tem¬ 
perature.  This  is  the  pressure  required. 

If  the  actual  temperature  of  the  air,  is  above 
the  dew-point,  then  the  air  is  not  saturated.  If  it 
absorbed  more  and  became  saturated,  still  remaining 
at  then  the  aqueous  vapour  would  exert  a  pro¬ 
portionately  increased  pressure.  It  would,  in  fact, 
exert  the  recorded  pressure  of  aqueous  vapour  at 
The  ratio  between  these  two  pressures  is  there¬ 
fore  also  the  ratio  between  u,  the  amount  of  aqueous 
vapour  actually  present  in  the  air  at  f,  and  h,  the 
maximum  amount  of  aqueous  vapour  which  could  be 
present  in  the  air  at  the  same  temperature.  This 
ratio  defines  the  relative  humidity  of  the  air,  which  is 
generally  expressed  as  a  percentage  of  the  possible 
maximum,  thus — 


Relative  humidity 


V.P.  at  dew-point 
V.P.  at  air  tempera¬ 
ture 


X  100 


Ex.  :  Air  temperature  =  55°  F,,  dew-point  46-5°  F. 
Vapour  pressure  at  55°  =  0-433  in.,  at  46-5°  =  0-317  in. 


Relative  humidity  = 


0-317 

0-433 


X 


100  =  73  per  cent. 


The  measurement  of  the  moisture  of  the  atmosphere 
is  called  hygrometry,  and  instruments  employed  for 
this  purpose  are  called  iiygrometers.  As  most  of 
the  measurements  are  based  upon  a  knowledge  of 
the  dew-point,  hygrometers  are  generally  designed 
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to  determine  this  temperature.  The  following  are 
familiar  types  : — 

Daniell’s  hygrometer  (Fig.  117)  consists  of  two 
glass  bulbs  connected  by  a  large  bent  tube.  The 
longer  limb  of  this  tube  encloses  a  small  thermometer 
A,  and  the  other  bulb  b  is  covered  with  muslin.  The 
bulbs  contain  ether,  and  this  had  been  boiled  for  some 
time  before  the  sealing  of  the  apparatus,  which  now 
contains  only  ether  and  ether  vapour.  Before  using 
the  instrument  the  ether  must  be  transferred  to 

bulb  A,  so  as  to 
surround  the  ther¬ 
mometer  ;  the  bulb 
B  is  then  cooled  by 
pouring  ether  on 
the  muslin  outside ; 
the  vapour  in  b 
condenses,  fresh 
vapour  from  a  dis¬ 
tils  over,  the  ther¬ 
mometer  falls,  and 
at  last  dew  is  de¬ 
posited  on  A.  At 
this  moment  the  temperature  of  a  is  observed  and 
the  artificial  cooling  of  b  is  discontinued.  The 
temperature  is  again  observed  when  the  dew  has 
just  disappeared.  The  mean  of  these  temperatures 
is  the  dew-point.  The  bulb  a  is  usually  gilt  to 
render  the  dew  more  visible. 

Dines’  hygrometer.  —  In  this  apparatus  (Fig. 
118)  iced  water  is  run  into  a  little  metal  box,  in  the 
top  of  which  is  inserted  a  thin  plate  of  black  glass 
A  ;  underneath  this  is  a  delicate  thermometer  b.  The 
cold  water  is  turned  on  by  the  tap  c,  and  the  tem¬ 
perature  at  which  the  black  glass  gets  dim  noted, 
as  with  the  previous  instrument. 


Fig.  117. — Daniell’s  hygrometer. 
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Regnault’s  hygrometer, — Some  ether  is  placed 
in  a  thin  glass  tube  (Big.  119)  furnished  with  a  cork 
and  two  tubes — one  long,  one  short — and  a  ther¬ 
mometer.  Air  is  drawn  through  the  ether  by 
connecting  the  short  tube  with  an  aspirator ;  the 
temperature  falls,  and  the  readings  are  taken  as 
before.  The  lower  part  of  the  glass  tube  is  generally 
encased  in  a  polished  silver  cap.  A  precisely  similar 
tube  containing  no  ether  is  often  included  in  the 
apparatus.  The  two  tubes  are  mounted,  side  by 
side,  on  a  stand.  Comparison  makes  it  more  easy  to 
see  when  dew  first  appears  on  the  ether-cooled  cap. 


Fig.  118. — Dines’  hygrometer. 


The  thermometer  in  the  comparison  tube  indicates 
the  temperature^of  the  air.  That  in  the  ether  tube 
indicates  the  dew-point. 

Wet  and  dry  bulb.— This  hygrometer  does  not 
indicate  the  dew-point  directly.  It  consists  of  two 
thermometers  (Fig.  120)  exactly  ahke,  except  that 
the  bulb  of  one  is  surrounded  with  a  piece  of 
muslin,  to  which  moisture  is  constantly  conveyed 
by  means  of  some  lamp -wick  from  a  small  vessel 
containing  distilled  water.  If  the  air  is  saturated 
the  two  thermometers  read  alike,  but  in  dry  air  the 
water  on  the  wet  bulb  evaporates  rapidly,  and  the 
thermometer  has  a  lower  reading  than  the  dry  bulb. 
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so  that  tlic  drier  the  air  the  greater  is  the  difference 
between  the  thermometers. 

Glaisher  compared  these  differences  with  the  read¬ 
ings  of  a  Daniell’s  hygrometer  taken  under  similar 
conditions,  and  has  given  a  set  of  factors  (p.  429) 
which,  when  multiplied  by  the  difference  between 
the  readings,  yields  a  number  that,  subtracted  from 
the  dry  bulb  reading,  gives  the  dew-point. 


^  Fig.  119. — Eegnault’s 
hygrometer. 


Fig.  120.— Wet  and  dry 
liulb. 


Ex.  :  Dry  bulb  50°  F. 

Wet  bulb  45°  F. 

5°  X  2-06  (factor  for  50°  F.)  =  10-3 
50°  -  10-3°  ==  39-7°  dew-point.  ^ 

The  methods  described  lead  to  the  determination 
of  the  dew-point  and  therefore  (p.  177)  of  the  relative 
humidity.  The  actual  weight  in  grams  of  aqueous 
vapour  in  1  litre  of  the  air  at  f  0.  when  the  tem¬ 
perature  of  the  dew-point  is  d°  C.  may  be  found  as 
follows  : — 

Let  p  be  the  pressure  of  aqueous  vapour  at  d°  G.  The 
aqueous  vapour  whose  weight  is  required  fills  1  litre  at 
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t°  G.,  and  at  a  pressure  y.  If  it  could  exist  at  0°  C.  and 


760  mm.,  it  would  then  fill  (p.  133) 


1  X  p  X  273 
760  X  (273  +  G 


litres. 


,  .  V  y.  273  X  0-804  . 

and  would  weigh  ^0q  ^273  -f  t)  ^ 

aqueous  vapour  at  0°  C.  and  760  mm.  weighs  0-804  grm. 

The  weight  of  aqueous  vapour  in  a  given  amount 
of  air  can  also  be  determined  experimentally  by 


Fig.  121. — Direct  determination  of  weight  of  H<jueons 

vapour  in  air. 


drawing  the  air  slowly  through  a  weighed  U-tube 
containing  strong  sulphuric  acid,  when  the  increase 
in  weight  of  the  U-tube  gives  the  weight  required 
(Fig.  121). 

Exercises 

1.  Explain  tlie  effect  of  increase  of  pressure  on  the  boiling- 
point  of  a  liquid.  Give  two  examples  in  which  this  change 
of  boiling-point  is  utilized.  [First  Professional.'] 

2.  Distinguish  between  evaporation  and  ebullition.  A 
sealed  glass  tube,  in  the  form  of  an  inverted  U,  contains 
a  small  quantity  of  water  in  each  limb,  and  v/ater  vapour 
only  in  the  remaining  space.  One  limb  is  placed  in  a  freezing 
mixture.  Describe-  the  changes  that  occur  in  each  part  of 
the  tube.  [Ihid.] 
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8.  Define  relative  humidity.  How  can  you  determine  the 
mass  of  water  vapour  present  in  a  cubic  metre  of  air  ? 

[md.i 

4.  Air  at  15^  is  60  per  cent,  saturated  with  water  vapour. 
What  is  the  dew-point,  given  maximum  pressure  of  water 
vapour  at  15°  -  1-270  cm.,  at  8°  =  0-802  cm.,  and  at  7°  - 
0*749  cm.  ? 

5.  When  wet  clothes  are  allowed  to  dry  on  the  person, 
why  is  the  “  chill  ”  felt  by  the  wearer  more  when  the  clothes 
are  getting  dry  than  when  they  were  getting  wet  ? 

(For  Answers,  see  j)*  389.) 
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Relation  between  Heat  and  Work  —  The  Mechanical 
Equivalent  of  Heat — Heat  of  Combustion — Lique¬ 
faction  of  Gases— Exercises. 

Since  heat  is  a  form  of  kinetic  energy,  the  production 
of  heat  by  the  expenditure  of  kinetic  energy  should 
not  be  difficult.  In  point  of  fact,  the  destruction  of 
kinetic  energy  by  friction  or  other  causes  always 
results  in  a  more  or  less  complete  transformation 
of  it  into  heat.  If  the  transformation  of  energy  be 
complete,  it  is  always  found  to  accord  with  a  fixed 
rate  of  exchange.  This  exchange  value  of  the 
thermal  unit  has  been  measured  in  a  variety  of 
mechanical  ways,  and  is  usually  expressed  in  corre¬ 
sponding  gravitation  or  absolute  units  of  work.  The 
value,  so  expressed,  is  called  the  meeliaiiienil 
equivalent  of  heat. 

In  1798  Count  Rumford  boiled  20  lb.  of  water,  in 
about  2J  hours,  by  the  friction  of  a  solid  plunger 
pressing  on  the  bottom  of  an  iron  cylinder,  the 
plunger  being  turned  by  horses.  It  is  also  wxll 
known  that  savages  obtain  fire  by  the  friction  of  a 
piece  of  hard  wood  on  soft  Wood.  In  these  cases 
kinetic  energy  is  really  converted  into  heat. 

We  have  another  example  in  the  sparks  formed 
when  the  brake  is  applied  to  a  rapidly  moving  train  ; 
so  much  energy  of  motion  is  converted  into  heat  that 
the  flakes  of  iron  on  the  tyre  become  ignited. 

When  a  gas  is  compressed,  heat  is  evolved.  If  this 
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heat  remains  in  the  gas,  its  temperature  is  raised. 
If  a  gas,  previously  compressed  but  no  longer  retain¬ 
ing  the  heat  produced  by  the  compression,  be  sud¬ 
denly  allowed  to  expand,  heat  energy  is  absorbed 
in  the  expansion.  If  no  external  heat  is  supplied 
it  must  be  drawn  from  the  gas  itself.  The  tem¬ 
perature  of  the  gas  is  therefore  lowered.  This  is 


Fig.  122. — Joule’s  ai)i)aratus. 

the  basis  of  the  most  effective  method  of  producing 
the  cold  necessary  for  the  liquefaction  of  gases. 
When  the  conditions  of  a  thermal  phenomenon  allow 
no  heat  to  enter  or  leave  the  system  concerned,  they 
are  described  as  adiabatic-;  when,  on  the  other  hand, 
the  conditions  secure  external  compensation,  they 
are  described  as  isothermal.  When  a  soda-water 
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l)ottle  is  opened  in  tlie  winter,  tlie  sudden  absorption 
of  heat  owing  to  the  expansion  of  the  gas  sometimes 
causes  the  water  to  freeze. 

Deteriiiiiiatioift  of  the  mechanical  equiva¬ 
lent  of  heat.— In  1845  Joule  determined  by  the 
friction  of  a  paddle-wheel  in  water  the  amount  of 
energy  required  to  produce  a  certain  quantity  of  heat. 
Joule  originally  deduced  from  his  experiments  the 
value  772  foot-pounds  at  Manchester.  More  recently 
it  has  been  concluded  that  a  weight  of  778  lb.  falling 
1  ft.  would  produce  enough  energy — if  converted  into 
heat — to  raise  1  lb.  of  water  1°  F.,  or  1,400  lb.  falling 
1  ft.  would  raise  1  lb.  of  water  1°  C.  The  principle 
of  Joule’s  experiments  is  illustrated  diagrammatically 
in  Fig.  122  ;  the  paddles  a  a  are  caused  to  rotate 
by  the  falling  weight  w,  which  is  lifted  by  turning 
the  handle  at  the  top  after  taking  out  the  pin  B,  and 
is  allowed  to  fall  many  times.  The  rise  in  tem¬ 
perature  of  the  water  in  the  calorimeter  is  shown 
]3y  a  delicate  thermometer. 

This  determination  of  the  mechanical  equivalent  of 
lieat,  besides  being  of  great  theoretical  interest,  has 
been  of  immense  practical  value,  as  by  means  of  it 
we  can  compare  the  actual  amount  of  work  per¬ 
formed  by  a  steam  engine  with  the  energy  produced 
in  the  boiler  by  the  burning  of  the  coals.  The 
comparison  is  not  satisfactory,  even  in  the  best 
steam  engines,  only  about  20  per  cent,  of  the 
energy  evolved  being  converted  into  horse-power. 
The  efficiency  of  the  gas  engine  is  greater,  being 
about  35  per  cent. 

The  mechanical  equivalent  of  heat  can  also  be 
calculated  from  the  difierence  in  the  heat  required 
to  raise  the  temperature  of  a  given  volume  of  air 
(1)  when  its  volume  is  kept  constant,  and  (2)  when 
it  is  allowed  to  expand.  Let  the  specific  heat  (p.  165) 
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of  dry  air  in  case  1  be  denoted  by  and  in  case  2 
by  Sg.  By  experiment,  Eegnault  found  ^2  =  0-2375. 
From  the  value  of  the  velocity  of  sound  in  dry  air 


(p.  203)  we  can  deduce  that  the  ratio  —  =  T408. 

We  must  therefore  have 

0-2375 

Sj  =  X408  ~  0-1687  nearly, 

and  therefore  S2  —  —  0-069  nearly. 

This  really  means  that  an  additional  quantity  of 
heat,  equal  to  0-069  calories,  is  re¬ 
quired  to  raise  the  temperature  of 
1  grm.  of  dry  air  by  1°  C.  when  it 
is  allowed  to  expand  and  so  re¬ 
main  at  constant  pressure,  over 
and  above  the  quantity  required 
when  the  air  is  confined  to  a 
constant  volume.  This  additional 
quantity  of  heat  must  therefore 
be  the  thermal  equivalent  of  the 
work  done  by  the  gramme  of  air 
in  expanding.  We  can  calculate 
this  work. 

Let  the  vessel  k  b  c  h  (Fig.  123) 

be  fitted  with  a  movable  piston, 

which  presses  on  a  volume  of  dry 

^  inclosed  in  the  vessel  with  a 

representation  ot  „  . 

work  done  by  a  lorce  represented  by  P  units.  Let 
gas  in  expanding  the  area  of  a  cross  section  of  the 

pressure.  vessel  be  b  square  units,  feuppose 

that,  by  expanding,  the  air,  at  first 
confined  in  the  space  a  b  c  d,  pushes  the  piston 
back  from  a  d  to  a  new  position  p  e,  through  a 
vertical  distance  d.  The  added  volume,  v,  is 
therefore  d  X  S. 
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If  y  be  the  pressure  per  unit  of  area,  p  S  ~  P. 
Now  the  work  done  (p.  27) 

=  P  X  d 
=  p  S  X  cl 

=  p  X  V 

When  we  apply  this  general  result  to  the  particular 
case  of  1  grm.  of  dry  air  at  N.T.P.  expanding  for 
1°  C.,  we  know  (p.  89)  that  p  =  1,013,961-6  dynes, 
and  also,  since 


1  litre  of  dry  air  at  N.T.P.  weighs 
1  grm.  „  „  „  fills 

and,  since  the  coefficient  of  expansion  is 


1-293  grm. 

l-f93 

2?3’ 


added  volmne  for  U  0.,  is 


X 


1000 


c.c. 


273  1-293 

.-.  the  work  done,  expressed  in  absolute  C.G.S. 
units,  is 


1013961-6  X  1000 
273  X  1-293 


ergs 


This  must  be  equal  to  0-069  calories. 

^  .  1013961-6  X  1000  X  1000 

^  '^alorie  -  173  x  1-293  X  69 

=  41-6  X  10®  ergs 
=  42  million  ergs,  nearly. 


This  mechanical  equivalent  of  heat,  or,  as  it  is 
sometimes  called.  Joule's  equivalent,  is  frequently 
denoted  by  the  symbol  J.  It  must  not  be  confounded 
with  a  joule  (p.  28).  The  numbers  derived  from 
the  experiments  (p.  185)  really  lead  to  the  same 
result  if  the  necessary  change  of  units  is  made, 
thus  ; 
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1  lb.  °  ,F.  unit  of  heat  =  778  ft.-lb.  of  work 
I  lb.  °C.  ,,  ,,  =  f  X  778=  1,400  ft. -lb.  of 

work 

.-.  1  grm.  °G.  ,,  ,,  =  1,400  ft. -grm.  of  work 

=  1,400  X  30-5  cm. -grm.  of 
work  (p.  4) 

1,400  X  30-5  X  981  ergs 
=  41,888,700  ergs 
or,  1  calorie  =  nearly  42  million  ergs,  as  before. 

We  shall  generally  say  that  Joule’s  equivalent  of 
1  calorie  =4-18  X  10^  ergs 
=  4*18  joules 

llo;it  of  <*oiiil>iistioii.— The  heat  of  combustion 
of  a  substance  is  the  quantity  of  heat  units  expressed 
in  calories  which  is  given  out  during  the  combustion 
of  1  grm.  of  that  substance.  Combustion  is  only  a 
particular  instance  of  chemical  combination.  A¥hen 
the  formation  of  a  chemical  compound  is  attended 
by  the  evolution  of  heat,  the  compound  is  described 
as  exoiliermic,  and  the  heat  evolved  when  a  molecular 
weight  in  grammes  (1  grm.  molecule)  of  the  compound 
is  formed  from  its  elements  is  called  the  heat  offohna- 
tion  of  the  substance.  Thus  : 

C  4-  O2  =  CO2  W  94,300  calories 

means  that  when  12  grm.  of  carbon  are  burnt  with 
32  grm.  of  oxygen  to  form  44  grm.  of  carbon  dioxide 
an  amount  of  heat  is  evolved  which  would  raise 
94,300  grm.  of  water  1°  C.  If  carbon  is  burnt  to 
carbonic  oxide  the  heat  evolved  is  much  less  : 

C  -{-  0  =  CO  W  26,300  calories 

Again,  H2  +  0  =  HgO  +  68,300  calories  indicates 
that  2  grm.  of  hydrogen  when  burnt  to  water  liberate 
enough  heat  to  raise  68,300  grm.  of  water  1°  C. 

If  we  know  the  heat  of  formation  of  the  products 
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formed  by  the  combustion  of  a  chemical  compound 
and  the  heats  of  combustion  of  its  constituent 
elements,  we  can  calculate  the  heat  of  formation  of 
the  compound. 

Ex.  :  Marsh  gas,  methane,  OH4,  when  burnt  forms 
CO  2  and  2H2O  : 

Heat  of  formation  of  CO 2  •  .  .  .  —  94,300 

„  „  „  2H2O  .  .  .  136,600 

230,900 

Heat  of  combustion  of  a  molecular  weight  of  CH4  = 
213,800  and  230,900  -  213,800  =  17,100.  This  must  be 
the  heat  spent  in  separating  the  compound  GH4  into  its 
elements,  previous  to  their  combustion. 

In  other  words,  17,100  calories  were  evolved  when 
12  grm.  of  carbon  combined  with  4  grm.  of  hydrogen  to 
form  16  grm.  of  marsh  gas.  • 

Heat  of  combustion  of  food. — -The  heat  of  form¬ 
ation  of  more  complex  bodies  such  as  the  fat, 
starch,  and  protein  included  in  an  ordinary  mixed 
diet  is  not  known.  The  heat  of  combustion  has 
been  measured,  and  is  usually  stated  in  large  Calories 
[1  large  Calorie  (Cal.)  =  1,000  small  calories  (cals.)]. 
By  complete  combustion — 

1  grm.  of  protein  evolves  about  . .  5-65  Calories 

1  „  „  fat  „  „  ..  9*4 

1  ,,  ,,  carbohydrates  evolves  about  4T 5  ,, 

It  must,  however,  be  remembered  that  the  full 
equivalent  of  this  heat  of  combustion  is  not  obtained 
by  the  consumer  when  these  substances  are  consumed 
in  human  diet.  The  process  of  combustion  in  the 
body  is  not  carried  to  the  uttermost  limit.  The 
food  is  not  burnt  to  an  ash  as  in  artificial  combustion. 
The  solids  of  the  fseces  and  the  urine  still  possess 
some  unused  heat  of  combustion.  This  must  be 
valued  and  deducted  from’  the  above  numbers  if  we 
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wish  to  obtain  the  heat  equivalent  metabolized  in 
the  body,  or  the  fuel  value  of  the  food.  The  best 
results  in  this  direction  have  been  obtained  by 
Atwater,  and  the  calculations  of  “  energy  value  ” 
in  the  Keport*  on  the  Food  Supply  of  the  United 
Kingdom  (p.  3)  are  based  on  his  values,*]'  “  modified 
in  accordance  with  the  special  characteristics  of  the 
British  supply.”  With  this  modification  it  is 
reckoned  that,  when  consumed  in  human  diet,  the 
fuel  value,  or  energy  value,  of 

1  grm.  of  protein .  is  4-1  Calories 

1  ,,  „  fat  .  „  9-3 

1  ,,  ,,  carbohydrate  .  .  ,,4-1  ,, 

With  these  factors  we  can  calculate  the  total  fuel 
value  of  any  given  diet.  About  80  per  cent,  of  this 
total  seems  to  be  spent  as  heat,  and  about  20  per 
cent,  in  work.  The  fuel  value  required  from  a 
daily  diet  varies  widely  with  the  occupation  and 
other  personal  factors  of  the  consumer,  but  an 
average  standard  is  probably  somewhere  between 
3,000  and  4,000  Calories. 

Heat  of  combustion  of  coal,  etc.— The  heat  liberated 
in  the  burning  of  a  sample  of  coal  can  be  estiinated 
as  follows  :  The  coal  is  finely  powdered,  and  2  grm. 
of  the  powder  are  mixed  with  about  24  grm.  of 
oxygen  mixture  [KClOg  (3  parts)  +  KNOg  (1  part)]. 
The  mixture  is  then  pressed  into  a  stout  copper 
cylinder.  In  the  mouth  of  this  cylinder  is  inserted  a 
dry  piece  of  cotton  wick  previously  soaked  in  a  solu¬ 
tion  of  potassium  nitrate,  to  serve  as  a  slow  match. 
A  calorimeter,  containing  a  sufficient  quantity  of 
Water,  about  2  litres,  is  prepared.  Wffien  all  is 
*  Cd.  8421.  1917. 

t  “The  Chemical  Composition  of  American  Food  Materials,” 
Bulletin  No.  28,  IT.wS.  Department  of  Agriciilture.  Revised  edition, 
Washington,  1906. 
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ready,  the  slow  match  is  lighted  and  a  little  copper 
diving  bell  fixed  over  the  copper  cylinder  containing 
the  mixture  of  coal  and  potassium  salts,  and  the 
whole  is  qiuckly  sunk  in  the  water  of  the  calorimeter. 
As  soon  as  the  spark  in  the  slow  match  reaches 
the  mixture  the  latter  deflagrates,  the  coal  burning 
violently ;  when  the  combustion  is  finished,  the 
water  is  mixed,  and  its  rise  in 
temperature  noted  with  a  deli¬ 
cate  thermometer ;  the  number 
of  calories  evolved  can  then  be 
calculated  after  the  necessary 
corrections  have  been  made. 

In  a  similar  way  the  heat 
evolved  during  the  combustion  of 
starch,  sugar,  and  other  substances 
can  be  estimated.  If  the  com¬ 
bustible  substance  is  a  gas,  it  is 
burnt  at  a  jet  (oxygen  being- 
supplied)  in  a  copper  calorimeter 
under  water;  the  jet  is  lighted  by 
a  platinum  wire  made  white  hot 
by  passing  a  current  of  electricity 
through  it. 

Liquefaction  ot  sases.  —  t’ig-  124.  —  Andrews’ 
Andrews  first  proved  that  the  experiment  to  show 

temperature  ot  a  gas  must  be  gas. 
brought  below  a  certain  point, 
called  its  critical  point,  before  pressure  will  liquefy 
it.  Above  this  critical  temperature  no  amount  of 
pressure  will  transform  the  gas  into  a  liquid.  He 
enclosed  some  carbon  dioxide  in  a  thick-walled 
glass  tube  a  (Fig.  124),  closed  at  its  upper  end,  but 
connected  below  with  a  reservoir  of  mercury  to  which 
great  pressure  could  be  applied.  At  a  temperature  of 
13‘1°  C.  a  pressure  of  48  atmospheres  caused  some 
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carbon  dioxide  to  liquefy ;  when  the  temperature  was 
21°  the  pressure  had  to  be  raised  to  60  atmospheres 
before  any  liquid  was  formed ;  but  when  the 
temperature  rose  to  31-9°  the  line  of  demarcation 
between  the  liquid  and  the  gas  became  hazy,  the 
liquid  disappeared,  and  by  no  amount  of  pressure 
could  it  be  made  to  reappear  until  the  tempera¬ 
ture  fell  below  3T9°,  the  critical  point. 

Those  gases  whose  critical  points  are  low — oxygen 
119,  nitrogen  146,  hydrogen  223 — for  a  long  time 
resisted  all  attempts  to  liquefy  them,  since  no  known 
means  of  attaining  such  low  temperatures  existed. 
Finally,  Pictet  and  Cailletet  liquefied  oxygen  about 
the  same  time  (1877).  Pictet  succeeded  by  a 
methodical  lowering  of  temperatures.  He  first 
liquefied  sulphur  dioxide,  and  then  utilized  the  cold 
produced  by  the  rapid  evaporation  of  the  liquid  to 
liquefy  large  quantities  of  carbon  dioxide  ;  rapidly 
evaporating  this,  in  its  turn,  he  reached  the  critical 
point,  and  with  the  aid  of  great  pressure  liquefied 
oxygen.  Cailletet  compressed  oxygen  to  an  enormous 
extent,  and  then,  by  opening  a  stopcock  and  allowing 
the  gas  to  expand  suddenly,  a  sufiicient  degree  of 
cold  was  produced  to  form  a  mist  of  liquid  oxygen. 

Since  that  time  liquid  air  has  become  a  commercial 
article,  and  can  be  purchased  by  the  litre.  This 
result  we  owe  chiefly  to  Dewar  and  Linde.  The 
air  is  subjected  to  a  pressure  of  200  atmospheres, 
and  allowed  to  escape  through  a  fine  orifice.  As  the 
air  expands,  heat  is  absorbed,  but  it  is  nearly  all 
regenerated  by  the  friction,  and  if  air  were  a  perfect 
gas  no  cooling  would  result,  but  air  not  being  a 
perfect  gas,  the  heat  lost  by  the  expansion  is  some¬ 
what  greater  than  that  produced,  and  so  the  tem¬ 
perature  falls,  the  gas  is  cooled  and  is  used  to  cool 
the  air  coming  to  the  fine  aperture.  This  in  its  turn 
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is  cooled  to  a  lower  temperature,  so  a  sort  of  cumu¬ 
lative  cooling  is  set  up,  and  the  liquid  air  begins  to 
drop  from  the  orifice  at— 180°  C. 

Exercises 

1.  An  average  day’s  work  for  a  man  is  300  foot-tons.  What 
is  the  minimum  number  of  calories  of  heat  that  must  be 
produced  by  the  food  which  he  consumes  per  diem,  allowing 
that — apart  from  the  work  done — -jW  of  the  energy  of  the 
food  is  lost  as  heat  from  the  surface  of  the  body  ?  (Assume  J 
=  1,400  in  foot-pounds  and  pound-degree-Centigrade  calories.) 
[First'  M.B.] 

2.  A  block  of  ice  falls  from  the  end  of  a  glacier  which  is 
just  melting,  and  0-5  per  cent,  of  the  ice  is  thereby  melted. 
From  what  height  must  the  ice  have  fallen  ?  (Latent  heat 
of  ice  =  80 ;  ff  =  980;  J  =  4-2  x  10’  ergs.)  [Ibid.] 

3.  How  much  heat  is  produced  when  a  mass  of  500  kilos 
falls  5  metres  on  to  the  head  of  a  pile  ?  (g^  =  981  ;  J  = 
4-2  X  10’.)  [Ibid.] 

4.  Describe  an  experiment  to  show  that  air  is  heated  by 
compression.  Where  does  the  energy  represented  by  the 
heat  that  appears  in  the  gas  come  from  ?  Why  does  a 
current  of  air  blowing  up  a  mountain  slope  become  cooled  ? 
[First  Professional.] 

(For  Answers,  see  p.  389.) 
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Origin  of  Sound — Sound  Waves — Amplitude — Pitch 
Musical  Intervals  —  Velocity  of  Sound  —  Vibration 
Rate  of  Tuning-Forks  —  Resonance  —  Timbre  or 
Quality — Exercises. 

Orii^iii  of  soiiiKl.— When  a  pistol  is  fired,  the  heated 
gases  liberated  by  the  explosion  compress  the  particles 
of  air  in  their  immediate  neighbourhood.  These  m 
turn  impinge  upon  others,  squeezing  them  against 
particles  still  farther  away,  and  so  on.  A  local 
crowding  or  condensation  is  thus  transmitted  con¬ 
tinually  from  one  point  to  another.  Owing  to  the 
elasticity  of  air  the  rear  particles  after  impact  re¬ 
bound,  while  the  front  ones  swing  forward  a  little. 
A  local  rarefaction  therefore  replaces  the  previous 
local  condensation,  and  is  similarly  transniitted  from 
point  to  point.  The  transmission  of  this  state  of 
alternating  compression  and  rarefaction  constitutes  a 
wave  of  sound,  which,  eventually  reaching  the  ear 
of  a  bystander,  shakes  his  tympanum.  The  vibration 
is  transmitted  by  nerves  to  his  brain,  and  he  hears 
the  explosion.  The  sounds  that  we  usually  hear  are 
thus  caused  by  waves  in  the  air. 

It  is  important  to  distinguish  the  motion  of  the 
particles  of  the  air  from  the  ynotion  of  the  wave  itself. 
Each  individual  particle  moves  but  a  short  distance 
to  and  fro  in  the  line  of  motion,  but  the  wave  may 
traverse  a  long  distance.  We  can  see  a  similar 
phenomenon  if  we  watch  the  effect  of  a  gust  of  wind 
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passing  over  a  field  of  corn.  Eacli  ear  of  corn  moves 
backwards  and  forwards  perhaps  but  an  inch  or  two, 
but  the  wave  passes  from  one  end  of  the  field  to  the 
other.  The  wave  is  a  transmission,  not  of  matter, 
but  of  a  certain  state,  or  condition. 

Sound  and  vibration.— Sound  waves  generally 
have  their  origin  in  the  vibration  of  an  elastic  solid. 
When  a  tuning-fork  is  struck  (Fig.  125),  each  arm 
begins  to  vibrate  transversely,  swinging  first  to  a, 
then  back  to  a',  and  so  on  until  the  motion  gradually 
ceases.  As  a  swings  to  a  it  compresses  the  particles 
of  air  in  its  neighbourhood,  and 
squeezes  them  together ;  they  pass 
on  the  pressure,  and  themselves 
swing  back  and  become  more  widely 
separated  than  they  were  in  their 
normal  state.  This  can  be  best  seen 
from  the  next  diagram  (Fig.  126), 
representing  the  successive  positions 
of  particles  of  air  as  a  sound  wave 
passes.  There  are  nine  particles  of 
air  a  to  ^  represented  at  rest  in  the 
top  line.  In  phase  1,  a  sound  wave 
strikes  particle  a  and  pushes  it  to¬ 
wards  h.  In  phase  2,  h  is  pushed 
towards  c,  a  continuing  its  forward  movement.  In 
phase  3,  a  is  swinging  back,  but  h  swings  on,  and 
c  has  moved  towards  d ;  and  so  the  compression 
passes,  marked  by  the  black  particles,  until  in  the 
eighth  phase  it  has  reached  the  last  three  particles 
g,  h,  and  while  a  has  just  finished  one  complete 
vibration  (p.  14),  and  returned  to  its  normal 
position.  Particles  at  the  normal  distance  from 
each  other  are  lightly  shaded ;  those  squeezed 
together  are  black ;  and  those  which  are  farther 
apart  than  usual  are  left  unshaded. 


Fi 


125. — Tuning- 
fork  vibrating. 
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Motion  of  sound  waves.— The  sound  waves 
spread  out  in  circles,  just  as  a  ripple  spreads  out  in 
a  pond  when  its  surface  is  disturbed  by  a  stone 
being  thrown  in,  except  that  the  vibrations  of  the 
individual  particles  of  the  sound  wave  are  executed 
in  the  same  direction  as  that  in  whicli  the  wave 
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Fig.  12G. — Successive  phases  of  particles  of  air"d\iring  passage 

of  a  sound  wave. 


progresses,  whereas  the  particles  of  water  move 
up  and  down  at  right  angles  to  the  direction  of 
the  wave.  The  former  vibrations  are  described 
as  longitudinal,  the  latter  as  transverse.  The  sound 
wave  therefore  produces  alternate  circles  of  com¬ 
pression  and  rarefaction,  as  seen  in  Fig.  127,  instead 
of  transverse  crests  and  troughs.  .  . 
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If  the  sound  waves  be  confined  by  a  smooth  tube, 
as  in  a  speaking-tube,  the  distance  at  which  the  sound 
is  audible  is  greatly  increased.  Sound,  like  light, 
can  be  reflected  from  plane,  and  focused  by  curved, 
surfaces. 

Amplitude  and  pitch. — The  number,  of 
vibrations  executed  in  a  second  is  called  the  f  requency, 


Fig.  127. — Passage  of  sound  wave  through  air. 

or  rate  of  vibration.  It  will  evidently  vary  inversely 

as  the  'period  (p.  14),  which  will  therefore  be  -th  ol 

a  second.  The  pitch  of  a  note — ^i.e.  whether  it  is  high 
or  low — varies  directly  with  the  frequency.  The 
frequency  of  the  middle  C  of  a  piano  is  256.  The 
C  of  an  octave  higher  has  a  frequency  of  512,  while 
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the  C  of  an  octave  lower  has  a  frequency  of  128. 
The  intensity,  or  loudness,  of  a  note  is  proportional 
to  the  square  of  the  amplitude  (p.  14)  of  the  vibrations. 
The  wave  length  (X)  is  the  distance  which  the  wave 
travels  in  a  period  ;  it  is  also  equal  to  the  distance 
from  any  one  particle  to  the  next  in  the  same  phase 
as  itself.  Since  the  wave  travels  a  distance  X  in 


n 


th  of  a  second,  it  will  travel  a  distance  n\  in  one 


second.  This  is  the  velocity,  v,  of  sound  in  the 

medium  in  which  the  wave  is 
travelling.  We  have  therefore  the 


relation 


V  ~  n\ 


Wave  motion  can  be  demon¬ 
strated  with  a  long  piece  of  india- 
rubber  tube  or  rope.  If  one  end 
be  fixed,  and  a  sudden  shake  be 
given  to  the  free  end,  a  hump  will  be 
raised  on  the  rope,  which  will  travel 
to  the  fixed  end  and  back  again. 
By  timing  the  shakes  a  second  hump 
may  be  raised  to  meet  the  returning 
Fig.  128. --String  hump  in  the  middle,  and  the  rope 

c^itrarnocir^^^  maintained  with  two  vibrat¬ 

ing  segments,  and  a  comparatively 
motionless  point  in  the  middle  (Fig.  128).  This 
stationary  point,  or  point  of  minimum  displacement, 
is  called  a  node.  A  string  may  vibrate  as  a  whole,  or 
it  may  divide  into  two  or  more  vibrating  segments. 
This  can  be  very  well  demonstrated  by  varying  the 
tension  of  a  light  string  attached  to  the  prong  of 
an  electro-magnetic  tuning-fork.  As  the  string  is 
pulled  tighter,  the  length  of  each  vibrating  segment 
increases,  but  the  number  of  segments  diminishes, 
till  the  whole  length  of  string  affected  forms  only  one 
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segment.  The  extremities  of  every  segment  are 
nodes ;  the  centre  of  each  segment  is  an  antinodef 
or  region  of  maximum  displacement.  Owing  to  the 
persistence  of  impressions  on  the  retina,  the  string 
appears  to  form  loops,  as  if  the  hump  at  a  place 
were  formed  on  both  sides  at  once  instead  of  succes¬ 
sively.  If  we  halve  the  length  of  a  string  it  vibrates 
twice  as  fast  as  the  original  string,  and  we  get  the 
higher  octave  of  the  fundamental  note.  This  vibra¬ 
tion  of  2  :  1 — ^i.e.  when  two  notes  are  simultaneously 
vibrating,  one  twice  as  fast  as  the  other — ^is  very 
agreeable  to  the  ear.  The  interval  of  a  fifth  consists 


Fig.  129. — 1.  String  vibrating  as  a  whole.  2,  When  damped  in 
the  middle,  giving  the  upper  octave. 


of  two  notes  whose  frequencies  are  as  3  :  2  ;  of  a 
fourth,  4:3;  and  of  a  third,  5:4.  In  fact,  the 
simpler  the  ratio  the  more  pleasant  is  the  combined 
effect  on  the  ear. 

The  ratios  of  the  vibration  rate  of  the  notes  in  the 
scale  are  : — 


1st  2nd  3rd 

doh  ray  me 

1  ^  A 


4th 

fah 

A 

3 


5th  6th  7  th 
sol  la  te 

A  A  15 

2  3  8 


8th 

doh 

2 


If  the  first  vibrates  100  times  a  second,  the  fifth 
will  vibrate  100  x  |  =  150  times  a  second. 
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The  distance  between  two  consecutive  nodes — or 
antinodes — is  half  the  wave  length  ;  the  distance 
between  node  and  antinode  is  one-quarter  of  the 
wave  length.  Fixed  points  must  always  be  nodes. 
In  Fig.  129  the  string  is  represented  (1)  when  sounding 
its  fundamental,  or  lowest  possible,  note  ;  it  has  then 
only  two  nodes,  and  these  are  at  the  two  fixed  ends. 

The  length,  I,  of  the  string  is  therefore  =  or 

A 

X  =  21,  and  therefore  (p.  198) 

V  —  n  X  21 

The  string  is  also  represented  (2)  when  sound¬ 


ing  the  octave  of  its  fundamental  note ;  it  has 
then  an  additional  node  in  the  middle,  and  I  is 
now  =  X.  Consecutive  antinodes  are  formed  at 
a  and  h  ;  the  maximum  displacement,  a  c,  is  twice 
the  amplitude. 

The  velocity,  v,  with  which  the  wave  travels  in 
the  string,  when  plucked  transversely,  is  given  by 
the  formula 


in  which  t  represents  the  force  keeping  the  string 
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taut,  and  m  is  the  mass  of  unit  length  of  the 
string. 

We  also  know  (p.  198)  that  v  =  n\,  and  that 
\  =  2?,  where  I  is  the  length  of  a  loop  ;  we  have 
therefore 


This  formula  can  be  verified  by  experiments  with 
the  sonometer  (Fig.  130). 

Air  and.  sound.— Air  is  necessary  for  the  trans¬ 
mission  of  ordinary  sound.  This  can  be  shown  by 
allowing  a  clock  to  strike  in  the  receiver  of  an  air- 
pump,  the  clock  being  placed  on  a  soft  cushion  to 
prevent  the  sound  being  transmitted  through  the 
air-pump  plate.  If  the  pump  be  exhausted,  the 
sound  becomes  very  feeble ;  and  if  the  receiver  be 
filled  with  hydrogen  and  again  exhausted,  the  sound 
is  almost  inaudible.  Moreover,  no  sounds  reach  us 
from  the  sun,  the  source  of  so  much  light  and  heat. 
Sound  is  therefore  not  transmitted  by  the  ether, 
which  transmits  the  waves  of  light,  electricity,  and 
radiant  heat. 

Velocity  of  sound.— In  ordinary  air  sound 
travels  nearly  1,120  feet  per  second  when  the 
temperature  is  15°  C.  We  shall  see  presently  that 
the  velocity  varies  directly  as  the  square  root  of 
the  absolute  temperature,  and  therefore  increases 
by  about  2  ft.  per  second  for  a  rise  in  tem¬ 
perature  of  1°  C.  The  velocity  in  dry  air  at  0°  C. 
may  be  taken  as  1,084*7  ft.,  or  330-6  metres,  per 
second.  Wertheim  and  others  determined  values  in 
different  media ;  some  of  these  are  quoted  here. 
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VELOCITY  OF  SOUND  IN  VARIOUS 

MEDIA  IN 

FEET  PER 

SECOND 

Water  at  15°  G. 

•  • 

4,710 

Lead  at  20°  0.  . 

•  • 

4,030 

Iron  .... 

•  • 

16,828 

Steel  .... 

»  • 

15,470 

Wood  along  the  fibre— 

Fir 

•  •  •  • 

•  • 

15,218 

Pine  .... 

•  • 

10,900 

Oak  .... 

•  • 

12,622 

The  formula  for  the  velocity  of  sound  in  terms  of 
the  density,  D,  and  elasticity,  E,  of  a  medium  is  : 


velocity  = 


E  represents  the  coefficient  of  elasticity.  This  is 
measured  by  the  ratio  between  the  stress  applied 

stress 

and  the  strain  produced  by  it,  oi  E  — - ^  In 

strain 

the  case  of  the  elasticity  of  volume  of  a  gas,  we  may 
take  pressure  as  the  stress,  and  the  compression  pro¬ 
duced  by  it  as  the  strain.  If  a  certain  mass  of  the 
gas  fills  a  volume,  F,  at  a  pressure,  P,  and  a  small 
additional  pressure,  p,  reduces  the  volume  to  F  —  p, 
then,  if  the  tem'perature  remains  constant,  we  know  by 
Boyle’s  law  that 


F  P  =  {V  —  v)  X  (P  +  p) 

=  FP-f  Fp  — pp  —  V F 
or,  =  Vp— pv~vP 


Neglecting  p  v,  which  will  be  a  very  small  quantity, 
we  find 

K  p  =  V  P 


V 
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Now,  the  compression  is  y  (p.  122),  and  therefore 


stress  p  V  p 
strain  v  ~~  v 


=  P 


V 


V 


The  formula  for  the  velocity  of  sound  in  air  then 


becomes,  velocity 


To  find  the  value  in  cm.  per  second  we  must  put 
P  =  1,013,961-6  dynes  (p.  89)  and  D  =  mass  of 
1  c.c.  dry  air  =  0-001293  grm. 

This  leads  to  the  value  for  the  velocity  in  air  at 
N.T.P.  of  about  280  metres.  By  actual  experiment, 
however,  the  value  is  found  to  be  about  332  metres. 
Laplace  showed  that  the  discrepancy  between  the 
calculated  and  observed  values  is  due  to  the  fact  that 
the  calculation  supposes  that  the  temperature  of  the 
air  remains  constant  during  the  passage  of  the  sound 
wave.  If  the  phenomenon  is  not  isothermal  but 
adiabatic  (p.  184),  then  E  will  not  equal  P.  This 
is  really  the  case  ;  the  temperature  of  the  air  is 
raised  by  the  compressions  and  lowered  by  the 
rarefactions,  but  the  passage  of  the  sound  wave  is 
too  rapid  for  these  changes  to  be  adjusted  by  external 
influences.  Both  the  heat  produced  by  the  com¬ 
pression  in  front  of  any  particle  and  the  cold  produced 
behind  it  increase  the  force  resisting  compression, 
and  therefore  increase  the  velocity  with  which  the 
wave  travels.  We  recognize,  therefore,  two  values  of 
E,  corresponding  to  the  two  values  of  the  specific 
heat  of  air  (p.  186).  The  ratio  between  them  is  tln^ 
same,  and  in  fact  is  found  from  the  ratio  between 
the  observed  value  of  the  velocity  of  sound  in  air 


and  the  value  as  calculated  from 
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We  therefore  have 

E  (adiabatic)  =  E  (isothermal)  X 
=  P  X  1*41 


Velocity  of  sound 


1-41 


P 

D 


1-41 


This  correction  of  Newton’s  formula  by  Laplace 
is  completely  confirmed  by  exj)eriment. 

We  see  from  this  formula  that  (1)  if  the  temperature 
remains  constant,  a  change  in  P  will  not  alter  the 
velocity,  since  it  makes  the  same  change  in  P;  if 
the  pressure  on  a  certain  mass  of  gas  be  doubled, 
its  volume  is  halved,  and  therefore  its  density  is 
also  doubled.  (2)  If  P  remains  constant,  an  increase 
in  T  (p.  132)  will  diminish  D  in  the  same  proportion 
and  therefore  will  increase  the  value  of  the  velocity ; 
in  fact,  at  two  absolute  temperatures,  and  Pg? 


1  D, 

-fl  =  rr,’ 


and  therefore 


(Velocity  at 
(Velocity  at  Pg)' 


1-41 


p;  p 


1-41 


2 


D.> 


(3)  The  presence  of  aqueous  vapour  in  the  air  tends 
slightly  to  increase  the  velocity,  since  moist  air  is 
lighter  than  dry  air  at  the  same  pressure.  (4)  In 
different  gases,  under  the  same  circumstances,  the 
velocity  varies  inversely  as  the  square  root  of  the 
density ;  sound  would  therefore  travel  four  times  as 
fast  in  hydrogen  (P  =  1)  as  in  oxygen  (D  =  16). 

The  velocity  of  sound  in  air  can  be  directly  de¬ 
termined  by  observing  the  time  which  elapses  between 
the  flash  and  report  of  a  gun,  after  carefully  measuring 
the  distance  between  Uie  gun  and  the  observer. 
Neither  amplitude  nor  frequency  of  vibration  makeg 
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any  difference  in  the  velocity  of  sound.  This  is 
obvious  to  anyone  listening  to  a  band  at  a  distance  : 
the  sound  from  the  shrill  piccolo  arrives  at  the  same 
instant  as  the  deep  notes  of  a  bassoon. 

If  the  ear  be  placed  at  one  end  of  a  long  iron  rail 
or  pipe,  which  is  struck  at  some  distant  point  with  a 
hammer,  two  sounds  will  reach  the  ear,  the  first 
travelling  through  the  iron,  the  second  through  the 
air.  The  great  conductivity  of  wood  for  sound  is 
taken  advantage  of  in  the  ordinary  stethoscope. 

Knowing  the  velocity  of  sound  in  air,  we  are  able 
to  calculate  the  distance  of  an  explosion  or  signal 
gun,  etc.,  of  which  the  flash  can  be  seen.  Thus,  if 
a  clap  of  thunder  is  heard  4*8  seconds  after  the  flash 
of  lightning  is  seen,  the  distance  of  the  flash  may  be 
taken  to  be  1,120  X  4-8  =  5,376  ft.,  or  a  little  over 
a  mile.  The  velocity  of  light  (p.  266)  is  so  great 
that  we  need  make  no  allowance  for  the  time  it  takes 
to  travel  any  terrestrial  distance.  Again,  if  you 
stand  in  front  of  a  cliff,  or  when  at  sea  in  front  of  an 
iceberg,  and  shout,  if  you  hear  the  reflected  sound 
or  echo  in  6  seconds,  as  the  sound  has  travelled 
to  the  cliff  and  hack,  the  distance  of  the  cliff  is 


1,120  X  6 
2 


=  3,360  ft. 


Vibration  rate  ot  tuning-forks.— The  rate  of 
vibration  of  a  tuning-fork  can  be  easily  ascertained 
by  attaching  to  one  of  its  hmbs  a  thin  piece  of  metal 
or  card  and  causing  it  to  write  on  a  smoked  surface 
revolving  at  a  uniform  and  known  rate.  Suppose 
we  have  a  surface  of  smoked  paper  stretched  round 
a  cylinder  and  rotating  so  that  tlie  surface  moves 
at  the  rate  of  20  in.  per  second  :  after  making  a 
tracing  (Fig.  131)  we  count  the  number  of  waves, 
measuring  from  crest  to  crest,  say  in  5  in.,  and  we 
find  there  are  25  vibrations ;  in  20  in.  there  will 
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therefore  be  100,  and  the  rate  of  vibration  is  100  per 
second. 

Wave  leiig-tli.-Since  v  =  nX,  we  know  that 

V 

A.  =  — ♦  The  wave  length  can  therefore  be  deter- 

mined  by  dividing  the  velocity  of  sound  per  second 
by  the  number  of  vibrations  per  second.  In  the  above 
example  the  sound  wave,  starting  from  the  fork, 
will  have  traversed  1,120  ft.  in  the  second,  and  during 


Fig.  131. — Tracing  of  tuning-fork.  Fig.  132.— Resonating  jar. 


this  time  will  have  made  100  complete  vibrations, 
so  that  the  wave  length  of  each  will 

Resonance.— If  a  tuning-fork,  after  being  struck, 
be  held  in  the  fingers,  the  sound  is  feeble,  but  if  the 
stem  be  held  firmly  on  a  table  the  sound  is  at  once 
strengthened.  The  explanation  is  simple  :  the  table 
is  thrown  into  vibration,  and,  having  a  much  larger 
surface  than  the  limbs  of  the  fork,  a  much  larger 
volume  of  air  is  set  in  vibration. 
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If  a  tuning-fork  be  struck  and  held  over  a  deep 
glass  jar,  and  the  jar  be  filled  up  slowly  with  water, 
a  point  will  be  reached  when  the  sound  of  the  fork 
will  swell  out  and  become  very  much  louder.  The 
air  in  the  jar  is,  in  fact,  vibrating  in  unison  with 
the  fork,  forming  a  kind  of  extempore  organ  pipe 
(Fig.  132). 

To  secure  maximum  resonance  the  wave  must 
travel  the  distance,  c?,  to  the  water  level,  be  reflected, 
and  return  to  the  starting-point  just  in  time  to  reach 
a  particle  there  at  the  moment  that  it  is  about  to 
swing  upwards,  that  is  when  it  has  completed  half 
a  period  ;  but  in  this  time  the  wave  must  travel 

half  a  wave  length ;  therefore  must  =  ~,  or 

a  —  -7. 

4: 

If  we  use  a  fork  which  vibrates  256  times  a  second. 


and  whose  wave  length  is  therefore 


1,120 

256 


=  52  in.. 


and  determine  the  conditions  under  which  the  above 
reinforcement  of  the  note  takes  place,  we  shall  find 
the  distance  from  the  surface  of  the  water  to  the  top 
of  the  jar  to  be  nearly  13  in.,  or  one- quarter  of  the 
wave  length.  The  prong  a  swings  to  a  (Fig.  132)  and 
compresses  the  air  in  the  jar,  starting  a  sound  wave 
which  proceeds  to  the  surface  of  the  water,  and  back 
again  (a  distance  of  26  in.)  just  as  the  prong  is  start¬ 
ing  to  swing  back  to  a',  so  the  two  vibrations  keep 
time.  Maximum  resonance  will  also  be  secured  if  a 

period  and  a  half  has  elapsed,  that  is,  if  2d—  ~ 


or 


d 


4* 


3\ 

4^ 


or,  in  fact.  If  d  is  any  odd  multiple  of 


If  the  tube  were  long  enough,  a  series  of  levels 
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might  be  found  corresponding  to  these  values  of 
d.  They  are  all  nodal  planes  and  are  separated  by 

The  open  end  is  an  antinode.  This  furnishes  a 

simple  method  of  finding  the  wave  length  of  a  note 
by  multiplying  the  shortest  resonating  length  by  4  ; 
by  dividing  this  into  the  velocity  of  sound  in  air  we 
obtain  the  frequency.  If  the  tube  is  long  enough 
to  give  two  nodes  at  distances  d-^  and  we  can 
find  X  from  the  fact  that 

d^  —  d^=  2 

If  we  can  find  only  the  first  node,  a  small  correction 
is  usually  made  for  the  open  end.  The  corrected 

length  may  be  taken  to  be  c?  —  >  where  r  is  the 
radius  of  the  tube. 

Rang:e  of  audibility.  — The  extreme  range  of 
audibility  appears  to  differ  in  individual  cases. 
Tyndall  quotes  instances  in  proof  of  this.  This 
perhaps  accounts  for  the  difference  in  the  estimates 
by  different  observers  of  the  limits  of  hearing.  It 
seems  probable  from  the  experiments  of  Helmholtz 
that  the  lower  limit  corresponds  pretty  nearly  to 
the  value  w  =  30  ;  while  the  higher  limit  seems  to 
be  in  the  neighbourhood  oi  n  —  24,000.  This  gives 
a  range  of  nearly  ten  octaves.  In  practice  the  usual 
musical  range  is  approximately  from  32  to  4,000, 
or  about  seven  octaves.  The  O',  the  middle  C  of 
a  soprano,  is  about  512.  In  the  time  of  Handel  it 
was  507.  The  C'  on  the  Albert  Hall  organ  is  541, 
so  that  our  B  is  about  the  same  pitch  as  HandeTs  C. 

]\oise,  strictly  speaking,  is  any  audible  sound, 
whether  musical  or  not  ;  the  musical  sound  results 
from  regular  and  rhythmical  vibrations,  a  definite 
number  of  impulses  striking  the  ear  at  regular 


TIMBRE 


209 


PART  III] 

intervals.  How  these  vibrations  are  produced  is 
immaterial.  They  may  be  a  series  of  taps,  as  when 
a  card  is  held  against  a  revolving  cog-wheel ;  or 
a  series  of  puffs,  as  in  the  siren ;  or  the  vibrations 
of  strings,  the  air  in  pipes,  etc.  Sounds  which 
result  from  a  medley  of  vibrations,  whose  fre¬ 
quencies  bear  no  simple  ratio  to  each  other,  have 
not,  as  a  rule,  that  pleasing  effect  on  the  ear  which 
we  associate  with  music  ;  but  when  the  motive  of 
the  composer  is  to  startle  rather  than  to  please, 
such  sounds  do  find  place  in  technical  “  music.” 

Quality  of  a  note.  —  Besides  differing  in  pitch 
and  in  intensity,  a  note  may  vary  in  quality  or  timbre. 
Thus  a  note  of  exactly  the  same  pitch  and  loudness 
may  be  sounded  on  a  flute,  on  a  piano,  and  on  a 
violin,  but  an  educated  ear  has  no  difficulty  in  dis¬ 
tinguishing  the  notes  by  their  various  qualities.  The 
explanation  of  this  difference  in  quality  is  to  be 
found  in  the  fact  that  hardly  any  note  consists 
exclusively  of  one  set  of  vibrations — i.e.  it  is  not 
pure.  This  can  be  demonstrated  by  pressing  down 
the/orte  pedal  of  a  piano,  which  will  raise  the  dampers 
from  the  strings,  and  then  inducing  someone  with  a 
powerful  baritone  voice  to  sing  his  top  C  into  the 
piano  ;  the  C  string,  in  unison,  will  be  heard  vibrat¬ 
ing,  but  in  addition  there  will  be  heard  the  C  an 
octave  above,  and  the  fifth — i.e.  the  G — above  that  ; 
so  that  the  note  sung  was  a  mixture  of  the  vibrations 
of  all  these,  and  several  others  more  difficult  to  hear, 
with  the  fundamental  note.  Helmholtz  has  shown 
that  any  desired  quality  can  be  produced  by  mixing 
suitable  overtones  of  suitable  strengths  with  the 
fundamental  note. 

In  an  open  organ  pipe  (Fig.  133)  the  wind  is  pro¬ 
jected  from  a  fine  slit,  s,  against  a  sharp  edge  of 
wood,  p,  producing  a  flutter  of  immature  sounds.  In 
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reed  fifes  the  effect  is  produced  by  wind  driven 
against  the  edge  of  a  metal  reed,  which  more  or  less 
perfectly  covers  a  longitudinal  orifice  in  the  wall  of 
the  pipe.  In  each  case  the  pipe  selects  the  sound 
to  which  its  column  of  air  can  resonate  and  raises 
it  to  the  dignity  of  a  musical  note.  If  the  pipe  be 
overblown  it  gives  overtones.  When  sounding  its 
fundamental  note  an  open  organ  pipe  has  a  node  in 
the  middle  and  an  antinode  at  each  open  end.  The 


length,  I,  of  the  pipe  is  therefore  equal  to  half  a 
wave  length,  or  X  =  2L  For  the  first  harmonic  or 
overtone  the  frequency  is  doubled  and  therefore 
the  wave  length  must  be  halved  ;  hence  \  =  Z  and 

^  =  i=  ^7)  (Pi^  134). 

Nodes  and  antinodes  will  therefore  succeed  each 
other  at  this  distance,  commencing  with  an  antinode 
at  the  open  end.  Similarly,  for  the  second  overtone 
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n  is  trebled,  and  therefore  X  =  and  \  A  E 

’  3’  4  6 

(Fig.  134).  Nodes  and  antinodes  will  now  alternate  at 

this  distance,  the  first  antinode  being  at  a  and  the 

first  node  at  e. 

If  an  open  pipe  were  cut  in  half  at  c  and  the  ends 
at  c  were  closed^  two  pipes  closed  at  one  end  would 
be  produced,  each  of  which  would  give  a  note  of  the 
same  pitch  as  the  open  pipe  a  b.  A  closed  end  must 
always  be  a  node,  and  an  open  end  an  antinode,  so 

that  the  length,  of  a  pipe,  closed  at  one  end,  is  ^ 


for  the  fundamental  note.  Hence  X  =  U.  It  will  there¬ 
fore  be  an  octave  lower  than 
the  fundamental  note  of  an 
open  pipe  of  the  same  length. 

In  a  piano  string  also  the 
first  overtone  forms  a  node 
in  the  centre,  and  is  there¬ 
fore  an  octave  above  the 
fundamental  note;  the  second 
has  two  nodes,  and  is  a  fifth 
above  the  last. 

When  any  point  on  a 
string  is  struck  or  plucked, 
all  the  overtones  which  re¬ 
quire  that  point  for  a  node  disappear.  The 
hammers  of  a  piano  are  so  arranged  that  they  strike 
the  string  at  a  point  where  the  production  of  the 
most  harmonious  overtones  is  encouraged,  while 
those  which  are  discordant  are  not  formed.  The 
production  of  notes  of  pleasing  quality  in  singing 
depends  largely  on  so  shaping  the  mouth,  etc.,  that 
those  overtones  which  combine  harmoniously  find 
suitable  resonating  cavities. 

In  a  bar  or  rod  the  fundamental  note  is  sounded 


Fig.  135. — Nodes  in  bar  and 
tuning-fork. 
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when  it  vibrates  with  two  nodes.  The  first  overtone 
has  three  nodes.  In  the  tuning-fork,  as  the  bar  of 
steel  is  bent,  the  nodes  approach  until  they  are  close 
together  (Fig.  135). 

Besits.— Reinforcement  of  sound  as  in  resonance 
(p.  206)  may  also  occur  when  the  waves  from  two 
tuning  -  forks  whose  frequencies  are  near  together 
simultaneously  affect  the  same  air  particle.  If,  for 
instance,  one  fork  makes  n,  and  the  other  w  +  2, 
vibrations  per  second,  it  is  clear  that  in  helf  a  second 
the  second  fork  makes  exactly  one  vibration  more 
than  the  first ;  each  would  therefore  be  in  exactly 
the  same  phase  once  in  half  a  second.  A  particle 
vibrating  under  the  influence  of  the  forks  will  be 
subject  to  the  same  conditions,  and  the  amplitude  of 
its  vibration  will  therefore  once  in  every  half-second 
be  a  maximum  one  due  to  the  combined  waves. 
The  loudness  due  to  this  maximum  amplitude  pro¬ 
duces  a  “  beat.”  In  this  case  there  will  be  two 
beats  per  second,  and  in  general  the  number  of  beats 
will  correspond  to  the  numerical  difference  in  the 
frequencies  of  the  two  forks.  By  counting  the  beats 
we  can  therefore  determine  n  for  one  fork  if  we 
know  the  frequency  of  the  other.  The  method  is 
of  practical  use  for  this  purpose. 

Interference  between  two  waves,  however, 
produces  destruction  as  well  as  reinforcement  of 
sound.  In  the  above  example  the  influence  of  one 
wave  only  completely  supplements  the  other  at  the 
beats ;  at  all  other  moments  they  are  more  or 
less  antagonistic,  as  the  particle  is  required  to  be 
in  different  phases  under  the  two  impulses.  The 
antagonism  is  most  complete  when  the  difference  of 
phase  corresponds  to  a  difference  in  time  of  half  a 
period  or  a  difference  in  length  of  half  a  wave  length. 
If  the  sound  waves  from  the  same  fork  can  reach 
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the  ear  by  two  paths,  the  note  is  most  completely 
destroyed  if  the  paths  differ  in  length  by  This 
principle  has  been  employed  in  practice  to  measure  X. 

Exercises 

1.  Into  a  tube  of  about  1  cm.  radius,  water  is  poured. 
When  the  water  level  is  at  33  cm.  from  the  top,  maximum 
resonance  is  obtained  from  a  fork  of  frequency  256.  On 
shortening  the  air  column  to  16-25  cm.  maximum  resonance 
occurs  with  a  fork  of  frequency  512.  Calculate  from  these 
data  the  velocity  of  sound  in  the  air  of  the  tube.  \First 
il/.R] 

2.  Given  that  the  velocity  of  sound  in  air  at  0°  C.  is  1,090  ft. 
per  sec.,  calculate  what  it  would  be  in  the  air  of  a  tube  rail- 
wav,  temperature  20°  C.  and  pressure  77  cm.  of  mercury. 
[Ibid.] 

3.  A  tuning-fork  of  pitch  512  is  set  vibrating  and  held  over 
a  tube  full  of  air,  closed  at  the  lower  end  by  water.  Cal¬ 
culate  the  lengths  of  the  two  shortest  columns  of  air  that 
give  resonance  with  the  fork,  when  the  velocity  of  sound  in 
air  is  1,120  ft.  per  sec.  'llhid.'] 

4.  Calculate  the  velocity  of  sound  in  air  at  0°  C.  and 
770  mm.  pressure.  The  ratio  of  the  specific  heats  of  air  is 
1-40,  and  the  density  of  air  at  0°  C.  and  760  mm.  is  0-00129 
grra.  per  c.c.  \Ihid.'\ 

5.  A  wire,  the  mass  of  which  per  unit  length  is  0-006  grm. 
per  cm.,  is  fixed  at  two  points  50  cm.  apart,  and  is  vibrating 
in  two  segments.  If  the  wire  is  stretched  by  a  weight  of 
5  kg.,  calculate  the  frequency  of  the  note  emitted.  [/6id.] 

(For  Answers,  see  p.  389.) 
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Light  Vibrations — Propagation  of  Light — Intensity  of 
Light — Photometers — Laws  of  Reflection — Concave 
and  Convex  Mirrors — Formation  of  Images — Laryn¬ 
goscope  —  Ophthalmoscope  —  Bronchoscope,  Cysto- 
scope,  Gastroscope — Exercises. 

Light  has  already  been  mentioned  among  the  pheno¬ 
mena  of  radiant  energy  referred  to  on  p.  143.  The 
vibrations  from  which  it  originates  are  transverse  ; 
the  frequency  is  nearly  a  million  million  times  that 
of  a  sound  vibration.  The  range  of  the  human  eye 
is  much  more  limited  than  that  of  the  ear  (p.  208). 
For  lights  of  different  colours  the  value  of  n  varies 
approximately  from  4  X  10^^  (red  light)  to  7-6  X  10^^ 
(violet  light),  and  has  therefore  a  range  of  about 
one  octave.  Although  sound  becomes  inaudible  in 
an  exhausted  receiver  (p.  201),  light  does  not  become 
invisible.  Light  vibrations  are  transmitted  by  the 
ether  which  is  assumed  to  fill  all  space — even  so-called 
vacuous  regions.  In  this  imponderable  medium  the 
light  waves  travel  with  the  remarkable  velocity  of 
about  186,000  miles  per  second,  or  nearly  3  X  10^® 
cm.  per  second.  The  wave  length  (X^)  of  red  light 
will  therefore  be  given  in  centimetres  by  the  equation  : 
3  X  1010  =  4  X  101^  Xj,  (p.  198) 

,  3  1010 

^  X  cm. 
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r\  j—  O'l 

X  J^cm. 

=  0-75  X  metres 

=  7,500  tenth-metres  (p.  5) 

Similarly,  the  wave  lengths  of  violet  light  will  be 
about  3,947,  or  roughly  4,000  tenth-metres.  The  red 
light  shown  in  the  spectrum  of  potassium  (Frontis¬ 
piece,  3)  has  a  wave  length  of  7,668  tenth-metres  ; 
the  violet  light  in  the  same  spectrum  has  a  wave 
length  of  4,047  tenth-metres.  These  wave  lengths, 
although  so  minute,  have  been  actually  measured. 
We  have  seen  (p.  212)  that  two  sound  waves  may 
either  reinforce  each  other  or  produce  silence. 
Similarly,  two  light  waves  may  either  reinforce 
each  other  or  produce  darkness.  If  the  two  waves 
emanate  from  the  same  source  but  travel  to  the 
same  spot  by  two  different  paths,  reinforcement 
is  produced  when  the  two  paths  differ  in  length  by 
an  eve7i  number  of  half  wave  lengths,  and  darkness 
when  they  differ  by  an  odd  number  of  half  wave 
lengths.  In  this  interference  we  have  therefore  a 
clue  to  the  wave  length  of  the  light  examined. 

The  velocity  of  light  has  also  been  measured  by 
various  methods,  and  some  of  these  are  described 
later  (p.  266). 

Bodies  like  the  sun  and  stars,  which  are  them¬ 
selves  independent  sources  of  light,  are  called  self- 
luminous. 

The  earth,  the  other  planets,  as  well  as  most 
terrestrial  objects,  are  not  self-luminous,  and  are 
only  visible  when  they  reflect  light  which  comes  to 
them  from  the  sun  or  other  self-luminous  source. 

Substances,  as  glass,  water,  etc.,  which  transmit 
light,  and  through  which  objects  can  be  clearly 
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distinguished,  are  termed  transparent ;  substances 
which,  like  tracing-paper  and  ground  glass,  transmit 
light,  but  do  not  allow  objects  to  be  clearly  dis¬ 
tinguished,  are  called  translucent ;  substances  like 
steel,  slate,  marble,  etc.,  which  transmit  no  light, 
are  termed  opaque. 

Law  of  iiiv^erse  squares. —  Light  travels 


A 


B 


Fig.  136. — Pencils  of  rays. 


through  homogeneous  media  in  straight  lines,  which 
radiate  in  all  directions  from  the  luminous  point,  and 
are  called  raijs  (radius,  a  ray). 

A  collection  of  rays  is  called  a  pencil  (Fig.  136). 
The  pencil  may  be  parallel,  A,  divergent,  b,  or  con¬ 
vergent,  c.  The  light  from  a  luminous  point  at  the 
centre  of  a  hollow  sphere  (Fig.  137)  is  therefore 
equally  distributed  over  the  whole  surface.  The 
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area  of  this  surface  is  proportional  to  the  square  of 
the  radius  (f)  and  is  equal  to  Itt  (p,  14).  If  the 
quantity  of  light  on  the  whole  surface  be  Q,  the 

Q  .  . 

quantity  per  unit  of  area  must  be  this  is  the 


Ltt  r 


intensity  of  illumination,  and  evidently  varies  in¬ 
versely  as  the  square  of  the  distance  (r)  from  the 
luminous  point  to  the  illuminated  area.  The  pheno¬ 
menon  is  therefore  regulated  by  the  law  of  inverse 
squares  (p.  50).  Thus,  for  one  and  the  same  source 
of  light  at  0  (Fig.  137), 

_ _2 

intensity  of  illumination  at  a 


intensity  of  illumination  at  b 


O  B 


O  A 


A  second  and  different  source  of  light  placed  at  o 
will,  however,  produce  at  b  intensity  of  illumination 
equal  to  that  prgduced  at  A  by  the  first  source,  if 
Q,  Q' ,  the  quantities  of  light  similarly  emitted  by 
the  first  and  second  sources  respectively,  fulfil  the 
relation 


Q 

___2  = 

Itt  0  A 

=  - 2 

,  Itt  0  B 

or  ^  - 

_ 2 

O  A 

’  e*  ■ 

0  B 

that  is,  if 

_ 2 

illuminating  power  of  first  source  o  a 
illuminating  power  of  second  source 

If,  therefore,  different  sources  of  light  equally 
illuminate  a  surface  from  which  they  are  situated 
at  different  distances,  we  know  that  their  illuminating 
powers  must  be  directly  proportional  to  the  squares 
of  these  distances.  The  application  of  this  fact  to 
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measure  illuminating  power  is  the  basis  of  'photo¬ 
metry  {(jxjjTOQ,  of  light,  yirpov^  measure). 

Any  apparatus  by  whioh  the  measurement  is 
effected  may  be  called  a  photometer. 

Pliotoiiieters.— Two  types  of  instrument  in 
common  use  are  : 

1.  Rumford’s  shadow  photometer.— An  upright 
rod  is  placed  in  front  of  a  white  screen.  Two 
shadows  of  the  rod  are  cast  on  the  screen  by  the 
two  lights  under  comparison,  say  a  candle  flame 


Fig.  137. — Distribution  of  light. 


and  a  gas  flame.  The  shadow  cast  by  the  candle 
flame  is  illuminated  by  the  gas  flame,  and  vice 
versa.  The  positions  of  the  lights  are  adjusted 
until  the  two  shadows  are  side  by  side  and  appear 
of  equal  strength.  If  the  respective  distances  of 
the  candle  flame  and  the  gas  flame  from  the  screen 
are  then  1  ft.  and  4  ft.,  we  know  that 

illuminating  power  of  gas  flame  4^  16 

illuminating  power  of  candle  flame  ~  P  ~  1 

or  the  candle  power  of  this  gas  flame  is  16. 

The  experiment  may  easily  be  modified  to  verify 
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the  law  of  inverse  squares  ;  if,  for  instance,  one 
candle  be  placed  1  ft.  from  the  screen,  it  will  be  found 
that  four  similar  candles  placed  at  2  ft.  from  the 
screen,  or  nine  similar  candles  at  3  ft.,  etc.,  will  pro¬ 
duce  equal  illumination  of  the  screen. 

2.  Bunsen’s  grease -spot  photometer. — A  small 
piece  of  wax  is  melted  by  a  hot  iron  into  the  centre 
of  a  piece  of  ordinary  white  paper ;  the  grease 
fills  up  the  pores  and  renders  the  paper  translucent, 
so  that,  when  light  reaches  the  paper,  this  portion 
transmits  more  and  reflects  less  than  the  rest  of 
the  surface.  Hence,  if  one  side  only  is  illuminated, 
the  greased  portion  appears  brighter  than  the  rest 
if  viewed  from  the  other  side,  but  darker  than  the 
rest  if  viewed  from  the  illuminated  side.  Similarly, 
if  the  two  sides  are  unequally  illuminated,  this  portion 
will  appear  brighter  than  the  rest  when  viewed  from 
the  side  which  is  least  illuminated.  This  distinction 
will  only  vanish  when  both  sides  are  equally  illu¬ 
minated.  The  paper  with  the  grease  spot,  called  the 
photometer  disc,  is  therefore  moved  backwards  and 
forwards  between  the  two  sources  of  light,  say  a 
standard  candle  and  a  lamp,  until  the  surface  ap¬ 
pears  uniformly  bright  when  viewed  from  either 
side.  If  the  distances  of  the  respective  lights  from 
the  disc  be  then  measured  and  squared,  the  numbers 
will  give  their  relative  illuminating  powers — e.g.  if 
from  disc  to  candle  the  distance  be  1  ft.,  and  from 
disc  to  lamp  be  3  ft.,  the 

illuminating  power  of  lamp  3^  9 

illuminating  power  of  candle  P  1 

or,  the  candle  power  of  the  lamp  is  9. 

Umbra  and  penumbra. — In  consequence  of 
the  rectilinear  propagation  of  light,  a  black  shadow, 
the  umbra,  r  (Fig.  138),  is  formed  when  the  light 
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from  a  luminous  j^oint  is  intercepted  by  an  opaque 
body.  If,  however,  the  source  of  light  be  a  body  of 
appreciable  size,  a  partial  shadow,  or  'penumbra, 
surrounds  the  umbra  (p.  Fig.  138).  Thus,  the  space 
c  D  is  completely  shaded,  receiving  no  light  from 
either  the  edge  a  or  the  edge  b,  while  c  E  is  in  half 
shadow,  receiving  no  light  from  b,  and  d  f  is  similarly 
situated  as  regards  a. 


Fig.  13S. — Umbra  and  penumbra. 


Laws  of  reflection. — 'Some  of  the  light  which 
falls  upon  a  polished  surface  is  reflected  from  that 
surface.  The  direction  of  the  reflected  light  is 
determined  by  the  following  laws 

1.  The  incident  ray,  the  reflected  ray,  and  the 

normal  to  the  surface  at  the  point  of  incidence, 
are  in  the  same  plane. 

2.  The  angles  which  the  incident  and  reflected  rays 

make  ivith  the  normal  are  equal. 
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Thus,  if  A  B  (Fig.  139)  be  a  ray  incident  at  the 
point  B  on  the  reflecting  surface  c  d,  then  (1)  the  re¬ 
flected  ray  b  e  and  the  normal  n  b  are  in  the  same 
plane  with  A  b,  and  (2)  the  angle  of  reflection,  e  b  n, 
is  equal  to  the  angle  of  incidence,  a  B  N. 

It  follows  from  this  that  a  ray  incident  normally, 
as  N  B,  is  reflected  back  along  the  same  line,  B  n. 

It  will  be  a  useful  exercise  for  the  student  to 
verify  this  law  by  the  following  experiment :  On  a 
drawing-board,  furnished  with  paper,  place  an  un¬ 
framed  looking-glass  so  that  the  reflecting  surface 


N 


Fig.  139. — The  angle  of  reflection  is  equal  to  the  angle 

of  incidence. 

is  perpendicular  to  the  plane  of  the  paper.  At 
p  (Fig.  140),  a  point  in  front  of  the  glass,  place  a 
pin.  On  looking  at  the  glass  from  a  near  point  r, 
the  image  of  p  will  be  seen  in  a  certain  direction  ; 
mark  this  direction  by  placing  pins  at  two  points 
on  it,  R,  s,  so  that  these  two  pins  and  the  image  of 
p  appear  to  be  in  one  straight  line.  While  looking 
along  this  line,  place  another  pin  at  some  point  q,  so 
that  its  image  also  is  seen  in  the  same  straight  line 
with  the  other  three,  r  s  produced.  The  observer 
should  now  be  able  to  see  apparently /owr  pins  in  a 
row,  if  he  looks  either  along  p  q,  or  along  r  s. 
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Remove  the  pins,  and  join  p  q  and  r  s.  Similarly,  by 
looking  at  the  image  of  p  from  another  position  x, 
whence  it  is  seen  in  the  direction  x  o,  the  observer 
can,  while  looking  along'^x  o,  place  another  pin  at 
L,  so  that  its  image  is  also  seen  on  x  o  produced. 
Four  pins  should  now  be  seen  by  looking  along  p  l 
or  X  o.  Remove  these  pins,  and  join  p  l  and  x  o. 


Finally  remove  the  mirror.  Produce  p  q  and  r  s 
to  meet  at  a.  Produce  p  l  and  x  o  to  meet  at  b. 
A  and  B  are  evidently  points  on  the  reflecting  surface  ; 
join  A  B  and  produce  it  both  ways,  to  c  and  d.  At 
A  draw  A  K  (Fig.  141)  perpendicular  to  c  d.  With 
centre  A  and  any  convenient  radius,  describe  a  circle 
cutting  A  p  in  H,  A  K  in  K,  A  R  in  T.  Join  h  K  and 
K  T.  These  chords  when  measured  should  be  found 


Fig.  141. — Law  of 
reflection. 
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to  be  of  equal  length.  Then,  angle  of  incidence 
H  A  K  =  angle  of  reflection  k  a  t  by  Euclid  I.  8. 

We  can  also,  from  Fig. 

140,  locate  the  image  of  p. 

Since  it  is  both  in  r  s 
produced  and  in  x  o  pro¬ 
duced,  it  must  be  at  M  where 

these  direc- 

/  A  /» 

BAB  tions  meet. 

Join  PM.  If 
the  construc¬ 
tion  is  perfectly  true,  p  m  will  be 
perpendicular  to  c  D  and  will  be 
bisected  by  it. 

The  position  of  m  (Fig.  140)  may 
also  be  found  by  the  important 
method  of  parallax.  If  two  points, 
A,  B  (Fig.  142),  are  viewed  from  a 
distant  point  e,  in  the  line  a  b  pro¬ 
duced,  they  may  appear  to  be  equi¬ 
distant  from  E,  though  they  are  not 
really  so.  If,  however,  the  observer 
moves  his  eye  to  e',  a  little  distance 
on  his  fight,  they  are  no  longer  seen 
in  the  same  straight  line  ;  a  is  seen 
in  the  direction  e'  a,  and  b  is  seen  in 
the  direction  e'  b  b',  so  that,  rela¬ 
tively  to  A,  B  appears  to  have  moved 
to  the  left.  Similarly,  if  the  observer 
moves  his  eye  to  e"  on  his  left,  B  will 
evidently  be  seen  by  him  in  the  di¬ 
rection  e"b  b",  and  appear  on  the 
right  of  a.  The  alternation  of  posi- 
'  tion  thus  produced  is  called  parallax 

Fig.  142.— Method  alternation).  If, 

of  parallax.  ±or  instance,  a  be  the  real  position 
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of  an  image  formed  in  air,  and  B  a  trial  position  in 
which  the  observer  places  some  object — e.g.  a  pin — 
he  can,  by  slightly  moving  his  head,  tell  whether 
B  is  nearer  than  a  or  not,  and  then  adjust  the  trial 
position  till  no  parallax  occurs,  b  is  then  at  a.  By 
using  a  low  mirror  c  d  (Fig.  140),  placing  a  taller  pin 
at  p,  and  moving  a  second  tall  pin  behind  the  mirror 
till  it  appears  by  this  test  to  be  continuous  and 

N 


Fig.  143. — notation  of 'mirror  causes  double  rotation  of  the 

reflected  ray. 

coincide  with  the  image  of  p,  the  position  of  M 
can  be  located.  The  student  should  certainly  per¬ 
form  the  experiment. 

If  the  mirror  be  rotated  through  any  angle,  about  an 
axis  perpendicular  to  the  plane  of  incidence  and  pass¬ 
ing  through  the  point  of  incidence,  the  reflected  ray  will 
be  rotated  through  twice  that  angle,  measured  in  the  same 
direction.  This  important  proposition  may  be  verified 
experimentally  by  the  pin  method  already  employed. 
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and  is  easily  established  by  the  following  geometrical 
proof : — 

The  ray  n  a  (Fig.  143)  incident  normally  on  the 
mirror  c  d  is  reflected  back  along  A  n.  When  c  d  is 
turned  through  an  angle  a  into  the  new  position 
c'  T>',  the  normal  must  also  be  turned  through  the 
same  angle  into  the  new  position  A  n'  ;  the  angle  of 
incidence  is  now  n  a  n'  =  a,  therefore  the  angle  of 
reflection,  n'  a  r,  is  also  —  a,  and  the  reflected  ray 


Fig.  144.  — Image  formed  by  reflection. 


A  N  has  therefore  been  turned  through  2a  into  the 
new  position  A  R. 

The  image  of  an  object  produced  by  reflection  from 
a  plane  mirror  is  a  virtual  image.  Rays  do  not  really 
proceed  to,  or  from,  such  an  image.  The  reflected 
ray  at  (Fig.  141)  does  not  really  come  from  the 
point  where  the  image  of  H  appears  to  be,  though 
the  straight  line  T  a,  if  produced,  would  pass 
through  this  point.  A  virtual  image,  therefore, 
though  visible  to  the  eye,  cannot  be  shown  on  a 
screen.  Thus,  rays  from  an  arrow  ab  (Fig.  144) 
are  reflected  from  the  looldng-glass  c  d,  and  enter 
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the  eye  in  the  direction  a'  e,  b'  e,  and  appear  to  an 
observer  to  come  from  points  A 2,  Bg,  behind  the 
mirror.  Produce  e  a',  e  b",  and  draw  normals  to  the 
mirror  from  a  and  b.  Normal  rays  will  be  reflected 
normally  (Law  2,  p.  220),  and  the  image  of  A  will 
therefore  appear  to  an  observer  to  be  at  some  point 
in  A  Ag,  and  also  at  some  point  in  e  A2.  The  only 
point  common  to  both  directions  is  A2,  which  there- 


Fig.  145. — Formation  of  duplicate  image  seen  in 

looking-glass 


fore  locates  the  image  of  A.  Similarly  the  inter¬ 
section  of  E  Bo  and  B  B2  locates  B2  the  image  of  b. 
The  virtual  image  thus  formed  by  a  plane  mirror 
can  easily  be  proved  to  be  the  same  distance  behind 
the  mirror  as  the  object  is  in  front.  This  explains 
why  when  you  approach,  or  recede  from,  a  mirror 
your  image  appears  to  do  the  same. 

When  the  pZune  mirror  has  appreciable  thichness 
(Pig.  145), as  in  the  case  of  an  ordinary  looking-glass, 
we  often  see  more  than  one  image  of  a  single  object 
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placed  in  front  of  the  mirror.  If  all  the  light  which 
falls  on  the  front  surface  were  reflected  we  should 
only  see  one  image  as  before,  but  this  is  not  the  case. 
Some  of  the  incident  light  from  the  object  enters  the 
glass,  undergoing  refraction  (p.  240),  and  the  refracted 
ray  A  b  falling  on  the  silvered  surface  at  the  back 
is  again  reflected  to  the  front  surface  at  c,  where 
it  emerges  and  undergoes  a  second  refraction  ; 
it  finally  reaclies  the  observer  in  a  direction  cd 
parallel  to  that  pursued  by  the  portion  a  e  reflected 
from  the  front  surface  in  the  first  instance.  Although 
parallel  in  direction  the  rays  do  not  coincide,  but  are 
separated  by  a  distance  which  varies  with  the  thick¬ 
ness  of  the  glass,  so  that  the  two  images,  i^,  appear 
nearly  side  by  side.  As  reflection  may  occur  more 
than  once,  the  journey  may  be  repeated,  and  in 
that  case  we  see  a  row  of  images. 

When  two  mirrors  are  inclined  to  each  other  at 
any  angle,  and  a  source  of  light  is  situated  between 
them,  the  rays  after  reflection  from  one  mirror 
may  fall  on  the  other  and  be  again  reflected  to  the 
first,  and  so  on.  These  successive  reflections  will  give 
rise  to  a  series  of  images.  If  the  angle  between  the 
mirrors  is  the  number  of  images  together  with 

360 

the  object  is  equal  to  If  7i  is  60,  the  number  is  6. 

Let  M  c  and  M  b  (Fig.  146)  be  the  two  mirrors  and 
A  a  luminous  point.  From  the  centre  m  describe  a 
circle  through  a.  The  first  image  in  the  mirror  m  b 
will  be  at  a^,  and  an  image  of  a^^  will  be  formed  by 
reflection  from  m  c  at  Ag,  and  this  in  its  turn  will 
form  one  at  a 5.  Now  let  us  follow  the  course  of 
a  ray  reflected  first  from  m  c.  This  will  form 
an  image  at  A2 ;  its  second  is  A4,  and  its  third  Ag, 
which  coincides  with  a^,  the  third  image  from  the 
other  mirror.  So  that  any  further  reflections  will 
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coincide  with  images  already  formed,  and  we  shall 
see  the  object  and  five  images  arranged  more  or  less 
symmetrically,  and  forming  a  pattern.  This  is  the 
principle  of  the  familiar  kaleidoscope. 

If  the  mirrors  are  parallel,  the  object  and  images 
are  reflected  backwards  and  forwards  until  they 
become  too  faint  to  be  seen.  This  is  known  as  the 
endless  (jcdlery. 


B 


roriiRatioii  of  iiiia$;cs  by  a  filial  I  bole  : 
hole  eaiiiera.— If,  in  a  room  with  one  window,  the 
window  be  covered  with  an  opaque  screen  in  which 
a  small  pin-hole  is  made,  a  picture  of  the  objects 
outside  will  appear  on  the  wall  opposite  the  pin-hole. 
This  image  is  real  and  inverted  (Fig.  147),  and,  in 
fact,  photographs  have  been  taken  in  this  way 
without  any  lens.  If  a  screen  be  held  near  the  pin¬ 
hole,  the  picture  will  become  smaller  and  brighter, 
'riie  smaller  the  pin-hole  the  sharper  the  image.  If 
two  pin-holes  are  made,  there  will  be  two  pictures  ; 
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if  three,  there  will  be  three ;  and  so  on  until  the 
images  overlap  and  obscure  each  other,  and  we 
lose  all  definition,  and  have  only  a  plain  illuminated 
surface  with  no  definite  image.  The  same  fact  can 
be  shown  by  replacing  the  front  lens  of  a  magic 
lantern  by  a  brown  paper  cap  with,  a  pin-hole. 

Mirroi's,  if  not  plane,  may  be  either  co,nvex  or 
concave  ;  they  may  be  made  of  polished  metal  or 
of  silvered  glass.  Reflection  in  plane  mirrors  has 
already  heen  studied.  If  the  mirror  presents  a 
hollow  surface  to  the  incident  rays  it  is  termrd  con¬ 
cave  ;  if  the  reverse,  convex. 

Concave  mirrors. — From 
a  point  c  describe  a  portion 
of  a  circle  to  represent  a 
concave  spherical  mirror  of 
which  c  is  the  centre  of 
curvature  (Fig.  148). 

1.  Parallel  rays — i.e.  rays 

which  come  from  an  infinite 
distance  —  after  reflection 
come  to  a  focus  at  a  point  Fig.  147.— Image  formed  by 
half-way  between  c  and  the  pin-hole, 

mirror.  This  is  usually 

lettered  f,  and  is  called  the  focus  of  the 

mirror.  If  c  F  produced  meet  the  mirror  at  a,  c  a 
is  called  the  principal  axis  of  the  mirror. 

2.  Diverging  rays  from  l  come  to  a  focus  between 
F  and  c,  as  1.  As  the  object  L  approaches  the  mirror, 
I  recedes  from  it,  so  that  they  both  move  towards  c. 
At  c  the  incident  ray  coincides  with  the  normal 
c  o,  and  is  therefore  reflected  on  itself,  and  l  and  I 
coincide  with  c. 

3.  When  l  passes  c,  and  is  nearer  to  the  mirror, 
I  moves  farther  away  till  l  reaches  F,  when  the 
reflected  rays  are  parallel  and  never  meet,  f  is 
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therefore  the  best  position  for  the  light  in  a 
lighthouse  reflector.  The  point  I  is  then  at 


Fig.  148. — Reflection  from  a  concave  mirror. 


infinity.  We  have  seen  also  that  l  is  at  infinity 
when  I  is  at  P. 
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4.  When  l  passes  p  the  reflected  rays  diverge,  and 
cannot  therefore  meet  in  a  point ;  but  if  the  directions 
of  the  rays,  after  reflection,  be  produced  backwards, 
they  will  be  found  to  meet  behind  the  mirror  at  a 
point  I,  which  is  therefore  the  virtual  focus  corre¬ 
sponding  to  L.  A  pair  of  points  such  as  l  and  I 
are  termed  conjugate  foci.  If  the  object  is  at  either  of 
these  points  the  image  is  at  the  other.  Their  distances 
from  the  mirror  are  connected  by  the  relation 


1 

I A 


1 

LA 


~  a  constant. 


Convex  mirrors. — These  form  only  virtual  images. 


Fig.  149. — Reflection  from  a  convex  mirror. 


Parallel  rays  are  reflected  from  the  convex  surface  ; 

the  reflected  rays  themselves  cannot,  of  course,  pass 

through  the  mirror,  but  their  directions,  if  produced 

backwards,  all  meet  in  a  virtual  focus  p  (Fig.  149) 

behind  the  mirror.  This  is  the  principal  focus,  and 

is  half-way  between  the  centre  of  curvature  and  the 

mirror.  If  the  object  is  at  l,*  the  virtual  image 

appeals  to  be  at  I  between  p  and  the  mirror. 

In  this  case  the  distances  are  connected  by  the 

relation  1  1 

^  .  —  r  A  =  a  constant. 

I A  L  A  2 

In  both  cases  the  constant  can  be  shown  to  be 
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For  a  concave  mirror  the  relation  may  be  estab¬ 
lished  by  experiment  (p.  414).  Several  positions  are 
found  giving  paired  values  ol  L  A  and  I  A,  and  the 
sum  of  their  reciprocals  is  found  to  be  practically 
constant.  Among  these  pairs,  particular  importance 
attaches  to  two,  namely 

(i.)  When  L  A  ~  oo  (infmity)  and  I  A  =  F  A  ~f ; 
in  this  case,  the  relation  becomes 


1  1 

^  f  y  =  the  constant, 

luit  ^  =  0,  therefore  the  constant  is  j 

therefore  always  7-  7  +  7^  =  I 

Jj  A  LA  j 

(ii.)  When  LA  =  I  A  =  r;  in  this  case  the  re¬ 
lation  becomes  --  4-  -  =  the  constant, 

'Y  ‘Y  ^ 


therefore  tlio  constant  is  - 

r 

This  is  the  case  when  object  and  image  coincide  at  c, 
the  centre  of  ciu'vature  of  the  mirror  ;  r  is  C  A,  the 
radius  of  curvature,  and  we  see  from  (i.)  and  (ii.) 
that 

1  _  2 
r 
r 

or  /  =  T, 

That  is,  F  bisects  C  A. 

The  relation  can  also  be  established  by  geometry. 
Since  by  Law  2  (p.  220)  the  normal  C  0  bisects  the 
angle  LOl  (Fig.  148),  or  its  supplement  (Fig.  149), 
therefore,  by  Euclid  VL,  3, 

LC  _LO 
Cl  ~  10 
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oAr^  jA  =  ta 

Put  Zf  ^  =  It  J  A  =  V,  and  C  A  =  r,  then  the  relation 
becomes 

u  —  r  u 
r  —  V  V 

u  V  —  r  V  ~  u  r  —  u  v 
iir  -f-  TV  =  "lu  V 

divide  by  r  u  v, 

"  V  ^  u  ~  r  \  f) 

Similarly  the  relation  for  a  convex  mirror  may  be 
proved  to  be 


^Ve  have  hitherto  reyarded  the  object  as  a  luminous 
point,  and  have  found  its  point-image.  When  the 
object  is  linear  and  finite  we  generally  find  the 
images  of  its  two  extremities,  and  by  joining  these 
obtain  the  image  of  the  whole  object.  These  con¬ 
structions  are  of  great  assistance  in  the  solution  of 
problems,  and  we  shall  therefore  consider  them 
more  fully. 

Iiiiag'es  ill  iiiirrors.  Concave  mirrors. — It  will 
be  convenient  to  consider  four  cases  : 

1.  When. the  object  is  beyond  c,  as  a  b  (Fig.  150)  : 
to  find  the  position  of  the  image  (1)  join  a  c  and 
produce  the  line  ;  the  image  will  be  somewhere  in 
this  line,  which  is  normal  to  the  mirror,  and  a  ray 
in  this  direction  is  therefore  reflected  on  itself. 
(2)  Draw  a  x  parallel  to  c  f  ;  a  ray  in  this  direction 
is  reflected  in  the  direction  x  f,  and  we  know  therefore 
that  the  image  of  a  will  be  somewhere  on  x  f,  pro¬ 
duced  if  necessary ;  it  must  therefore  be  at  a', 
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where  the  directions  of  a  c  and  x  f  intersect. 
(3)  Similarly,  from  b  draw  the  two  rays  b  c  and  B  x', 
whose  directions,  after  reflection  from  tlie  mirror, 
will  intersect  in  b',  which  is  therefore  the  image  of 
B.  (4)  Finally,  join  a'  b'  and  obtain  the  image 
of  A  B.  In  this  case  we  see  that  the  image  is 
real,  diminished,  and  inverted. 


Fig.  150. — Images  in  concave  mirror. 


2.  If  the  object  is  at  c  the  object  and  image 
coincide. 

3.  If  the  object  is  between  c  and  f  it  is  the  converse 
of  1  ;  the  object  and  image  change  places,  and  the 
image  is  real,  inverted,  and  niagnijied. 

4.  If  the  object  is  between  f  and  the  mirror  the 
image  is  virtual  (behind  the  mirror),  ereet,  and 
magnified  (Fig.  150,  d). 
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So  if  one  looks  into  a  concave  mirror,  at  some 
distance,  the  face  appears  small  and  inverted.  As 
the  mirror  is  brought  nearer,  the  image  becomes 
larger,  then  suddenly  vanishes,  but  reappears,  upright 
and  magnified,  as  the  face  approaches  still  nearer 
to  the  mirror. 

Convex  mirrors. — The  image  formed  by  a  convex 
mirror  is  always  virtual,  diminished,  and  erect 
(Fig.  151). 

In  all  these  cases  it  is  not  difficult  to  prove 


either  graphically  or  by  the  consideration  of  similar 
triangles  that 

Size  of  object  distance  of  object  from  c 

Size  of  image  distance  of  image  from  c 

u  ~  r 
~  r  —  V 

=  “  (P-  233) 

Ex.  :  An  object  is  15  cm.  in  front  of  a  concave  mirror 
of  30  cm.  focal  length  :  find  the  position  of  the  image 
and  its  size. 

The  object  is  between  the  mirror  and  f,  as  in  Fig.  150,  d. 
The  image  will  therefore  be  virtual,  erect,  and  magnified, 
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aad  will  be  formed  behind  the  mirror.  By  drawing  the 
figure  to  scale  on  squared  paper  the  problem  is  readily 
solved  ;  by  application  of  the  formula  (p.  233),  we  have 

1  1  ^  1  _  1  _  _  1 

30  "  V  ~  30  15  30 


i  +  -L  = 

V  15 


the  negative  sign  shows  the  image  to  be  30  cm.  behmd 
the  mirror,  and  therefore  virtual  ;  also, 

*'=-^9=2 

u  15 

The  image  is,  therefore,  twice  as  large  as  the  object. 

Ex.  :  An  object  3  cm.  long  is  20  cm.  in  front  of  a 
convex  mirror  12  cm.  focal  length :  find  the  position 
of  the  image.  Ill 

v  ~  20  “  12 
1  1.1 


V 


L 

12  20 


00 

00 

■  =  g  =  7-5  ^ 

The  minor  is  a  convex  one,  and  the  image  is  therefore 
virtual,  and  is  formed  7*5  cm.  behind  the  mirror. 

Both  plane  and  convex  mirrors  are  employed, 
either  separately  or  in  combination,  in  the  con¬ 
struction  of  certain  clinical  instruments.  In.  the 
laryngoscope  a  small  plane  mirror  is  attached, 
at  an  angle  of  about  45°,  to  a  handle  by  wliich  it 
can  be  held  at  the  back  of  a  patient’s  mouth.  The 
plane  of  the  mirror  is  so  placed  that,  when  illuminated, 
the  observer  sees  in  it  an  image  of  the  patient’s  la¬ 
rynx.  The  requisite  illumination  is  obtained  from 
a  concave  mirror  worn  on  the  observer’s  forehead 
by  means  of  a  strap.  This  mirror  reflects  light  from 
a  lamp  to  the  plane  mirror,  whence  it  isj  again 
reflected  down  the  larynx. 
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The  essential  feature  of  the  simplest  form  of 
ophthalmoscope  is  a  concave  mirror  about  3  cm. 
in  diameter,  and  having  a  central  aperture  about 
4  mm.  in  diameter.  The  radius  of  curvature  of  this 
mirror  is  about  50  cm.  The  observer  .holds  the  back 
of  this  mirror  in  front  of  his  own  eye  and  looks 
through  the  aperture,  into  the  eye  of  the  patient, 
which  is  at  the  same  time  internally  illuminated  by 
light  reflected  from  the  mirror.  A  normal  but  mag¬ 
nified  image  of  this  illuminated  surface  is  seen  by 
the  observer’s  eye,  which  is  quite  close  to  the  eye 
examined  in  tliis  direct  method.  In  the  indirect 
method  the  observer’s  eye  and  mirror  are  about 
50  cm.  from  the  patient’s  eye.  A  convex  lens  of 
14  D  is  then  held  in  front  of  the  latter  and  at  a 
distance  of  about  7  cm.,  the  focal  length  of  the  lens. 
Rays  from  the  illuminated  interior  of  the  eye  will 
therefore  on  emergence  pass  through  this  lens  and 
form  a  real  inverted  image  of  it  between  the  lens 

and  the  mirror.  This  will  be  viewed  bv  the  observer 

«/ 

through  the  aperture.  To  adapt  the  instrument 
to  a  variety  of  optical  measurements,  accessary  ap¬ 
paratus  is  frequently  added.  The  concave  mirror  is 
often  reversible  and  the  reverse  side  is  a  plane  mirror. 
A  second,  and  smaller,  concave  mirror  is  frequently 
added.  This  is  2  cm.  in  diameter,  has  a  central  aper¬ 
ture  of  2  mm.,  and  is  tilted.  A  series  of  positive  and 
negative  lenses  is  also  added  to  the  refraction  oph¬ 
thalmoscope.  These  are  so  mounted  that  each  in  its 
turn  can  be  rapidly  brought  to  the  central  aperture, 
and  the  observer  can  read  the  number  of  the  lens 
which  enables  him  to  get  the  direct  image  most 
clearly.  From  this  he  can  diagnose  and  estimate 
the  refractive  error  of  the  eye  observed,  after  making 
due  allowance  for  any  Imown  error  of  his  own  eye. 

An  eye  may  also  be  examined  for  errors  of  refraction 
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without  the  intcrpubitiou  of  tlie  convex  Icjcs,  iji  tlie 
indirect  method  (p.  237).  For  this  purpose  the  eye 
is  illuminated  by  light  reflected  from  the  concave 
or  plane  mirror,  and  is  viewed  through  the  aperture 
by  the  observer  placed  at  a  distance  of  rather  more 
than  a  metre  (about  arm’s  length). 

The  application  of  reflecting  mirrors  to  obtain  a 
view  of  an  obscure  interior  has  been  widely  extended 
in  recent  years,  and  has  produced  the 
scope,  the  cysloseope,  and  the  g-astroscope. 
These  instruments  are  designed  for  the  visual 
exploration  of  the  trachea,  bladder,  and  stomach, 
respectively. 

Exercises 

1 .  Light  from  an  object  at  a  distance  of  20  cm,  from  a 
spherical  mirror  is  reflected  so  as  to  form  upon  a  screen  an 
image  four  times  the  length  of  the  object.  Find  the  nature 
and  focal  length  of  the  mirror,  and  illustrate  by  a  diagram 
the  fomiation  of  the  image.  [First  M.B.I 

2.  A  pin  3  cm.  long  is  placed  48  cm.  from  a  concave  mirror 
and  a  real  image  is  found  to  be  produced  at  a  distance  of 
10  cm.  from  the  mirror.  If  the  pin  be  moved  24  cm.  towards 
the  mirror,  what  changes  in  the  position  and  size  of  the 
image  Avill  take  place  ?  Give  careful  diagrams  showing  the 
]iath  of  the  rays  of  light  in  the  two  cases.  [First  Professional.^ 

3.  Two  lamps  of  32  and  16  candle-power  are  placed  100  cm. 
apart.  Find  the  positions,  on  a  line  joining  them,  where  a 
screen  would  be  equally  illuminated  by  the  two  lamps. 

(For  Answers,  see  p,  389.) 


CHAPTER  II 
REFRACTION 

Refraction  of  Liglit  —  Laws  of  Refraction  —  Critical 
Angle  —  Prisms  —  Convex  and  Concave  Lenses  — 
Formation  of  Images  —  Combinations  of  Lenses  — 
Telescope — Microscope  —  Long  and  Short  Sight  — 
Velocity  of  Light — Exercises. 

Refract  ion. — We  have  seen  that  light  travels  in 
a  straight  line  in  any  medium.  When,  however, 
light  passes  from  one  medium  to  another  the  direc¬ 
tion  of  this  straight  line  is 
changed,  except  when  that 
direction  is  normal  to  the 
common  surface.  A  rav 
incident  normally  on  this 
surface  continues  its  recti¬ 
linear  course  without  de¬ 
viation.  A  ray  incident 
obliquely  on  this  surface 
instantly  changes  its  course 
and  assumes  a  new  rectili¬ 
near  direction.  This  new 
direction  either  approaches 
the  normal  more  nearly 
than  before  or  departs  more 
widely  from  it,  according 
as  the  second  medium  is  denser  or  rarer  than  the 
first.  When  passing  from  a  rare  to  a  dense 
medium,  as  from  air  to  water,  the  ray  is  always 
bent  towards  the  normal  ;  when  passing  from  a 
dense  to  a  rare  medium,  as  from  glass  to  air,  the 
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Fi^.  152. — Course  of  re¬ 
fracted  ray. 
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ray  is  always  bent  away  from  tbe  uoriiiaL  This 
change  of  course  or  bending  of  the  ray  is  called 
refraction  (re,  h&ok,  fraction,  broken).  If  the  second 
raedium  is  a  stratum  bounded  by  parallel  surfaces, 
the  direction  of  the  ray  after  emergence  is  parallel 
to  its  direction  before  incidence. 

^  Thus  a  ray  a  b  (Fig.  152)  strikes  the  parallel-sided 
piece  of  glass  at  b.  Instead  of  continuing  its  course 
along  the  dotted  line,  the  ray  is  refracted  towards 
the  normal  n  b  and  pursues  the  new  direction  b  c. 
On  emerging  from  the  glass  it  is  bent  away  from 
the  normal  c  N  in  the  direction  c  d  parallel  to  a  b. 


Fig.  153.— Bent  appearance  Fig.  154.— Coin  under 
of  stick  under  water.  water. 


It  is  owing  to  refraction  that  the  blade  of  an  oar 
or  a  portion  of  a  stick  when  seen  under  water  seems 
bent  (Fig.  153).  A  coin  or  fish  under  water  appears 
nearer  to  the  surface  than  it  really  is ;  clear  ponds 
appear  to  be  only  three- cpiarters  as  deep  as  they 
really  are.  If  a  coin  be  placed  in  an  empty  wdiite 
jam-pot  at  c  (Fig.  154)  it  cannot  be  seen  by  an  eve 
at  A  because  the  view  is  blocked  by  the  top  of  the 
pot.  If  water  be  poured  in,  the  coin  will  become 
V  sible,  for  the  rays  from  c  when  they  reach  the 
surface  at  D  are  bent  away  from  the  perpendicular, 
so  that  they  reach  the  eye  in  the  direction  d  a,  and 
the  coin  is  seen  at  some  point,  v' ,  in  a  d  produced. 
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Laws  of  refraction.— Tlie  directiou  of  the 
refracted  ray  is  determined  by  two  laws  :  (1)  The 
incident  ray,  the  refracted  ray,  and  the  normal  to 
the  surface  at  the  point  of  incidence  are  in  the  same 
plane;  (2)  the  sine  of  the  angle  of  incidence  bears 
to  the  sine  of  the  angle  of  refraction  a  ratio  which 
is  constant  for  any  two  media. 

Let  A  B  (Fig.  155)  be  the  direction  of  a  ray  travelling 
in  air  and  incident  at  B  on  the  surface  of  a  denser 
medium.  The  ray  will  be  bent  towards  the  normal, 
and  pursue  the  course  b  c.  From  the  centre  b 
describe  a  circle  cutting  b  a  at  d  and  b  c  at  e  ;  draw 
D  N  and  E  M  perpendicular  to  the  normal  n  b  m. 
Then  (1)  a  b,  b  c,  and  nm  are  in  the=same  plane; 

ND 

and  (2)  the  ratio - is  constant  for  any  two  media, 

wliatever  the  angle  of  incidence  a  b  n  may  be. 


The  second  law  of  refraction  is  sometimes  known 
as  SnelVs  law  of  sines. 

^  .  .  sine  of  angle  of  incidence  .  „  .  , 

This  ratio  ^ - 7 - 1 - 7 - 7 — is  called  the 

sine  ot  angle  ot  retraction 

relative  refractive  index  from  the  first  medium  to 

the  second,  and  is  usually  indicated  by  the  Greek 

letter  p  {mu).  When  the  air  is  replaced  by  a  vacuum 

the  ratio  is  slightly  increased,  and  becomes  the 

absolute  index  of  refraction  for  the  second  medium. 

If  p-i  and  P2  absolute  indices  of  two  media,  it 

can  be  shown  that  the  relative  index  p  from  (1) 


to  (2) 


Fi' 


If  the  ray  proceeds  from  a  rare  to  a  dense  medium 
p  is  greater  than  I  ;  from  a  dense  to  a  rare  medium  p 
IS  less  than  I.  Thus,  air  to  water,  p  =  f ;  air  to 
glass,  |. 

This  law  can  be  verified  thus  :  A  rectangular  block 
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of  glass,  such  as  is  used  for  a  letter-weight  or  a  cutting 
shape,  c  G  F  D  (Fig.  156),  is  laid  on  a  sheet  of  white 
paper  ;  a  pin  placed  at  Y  is  viewed  through  the  glass 
and  appears  to  be  at  z.  Insert  another  pin  at  p,  so 
that  p  A  z  seem  to  be  in  a  line.  Then  draw  the  line 
G  F  and  remove  the  glass  block  ;  through  a  draw  the 
normal  n  n',  join  a  with  p  and  with  y  ;  from  a 


Fig.  155.— Snell’s  law. 


describe  a  circle  cutting  a  p  at  R  and  a  y  at  Y  ;  drop 
the  perpendiculars  r  n'  and  n  y.  pay  would  be 
the  course  of  a  ray  travelling  from  air  to  glass,  and 
for  this  ray  n'  a  r  is  the  angle  of  incidence  and  nay 
the  angle  of  refraction,  and 

sine  i  N'  R  15  3 

H'  =  =  (m  one  case)  77;  cm.  =  7: 

sme  r  N  Y  ^  ^10  2 

'ro  <lra\v  the  refracted  ray. — The  following 
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geometrical  construction  will  enable  us  to  deter¬ 
mine  the  direction  taken  by  a  given  incident  ray, 
after  refraction,  when  /i,  the  index  of  refraction,  is 
known.  Let  the  ray  o  a  (Fig.  157)  be  incident  at  a 
on  the  surface  c  d.  At  the  point  a  draw  a  n  normal 
to  this  surface.  On  o  A  take  any  point  o  as  centre, 


and  with  radius  p  o  a  describe  a  circle  cutting  the 
normal  in  b.  Join  o  b.  Draw  a  r  parallel  to  o  B  ; 
this  will  be  the  direction  of  the  ray  o  A  after  refrac¬ 
tion.  Draw  o  p  perpendicular  to  a  n. 

Proof  : — 

OP 

sin.  P  A  0  sin.  P  A  0  0  A 

sm.  R  A  B  sin.  P  BO  OP 

OB 
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_  0  B  _  fiO  A 
“■  o' A  "  OA  ‘ 

and  P  A  0  h  the  angle  of  incidence 
R  A  B  is  the  angle  of  refraction 
A  R  is  the  refracted  ray. 

We  have  assumed  in  the  above  case  that  the  ray 
passes  from  the  rarer  medium  to  the  denser,  but  the 
construction  is  similar  if  the  incident  ray  is  in  the 
denser  medium  ;  in  that  case  the  radius  o  n  is  less 
than  o  A,  and  will  therefore  cut  the  normal  above 
c  D,  as  at  b'.  If  we  join  o  b',  and  draw  a  r'  parallel 
to  o  b',  we  obtain  the  refracted  ray  as  before.  There 
is  a  special  case  when  the  radius  is  equal  to  op; 
in  that  case  the  circle  touches  a  n  at  p,  and  a  c  is  the 
direction  of  the  refracted  ray.  If  the  radius  is  less 
than  0  p,  the  construction  fails  because  in  this  case 
there  is  no  refracted  ray,  but  the  incident  ray  is 
internally  reflected.  This  phenomenon  will  now  be 
further  considered. 

Critical  aiig:le. — We  have  seen  that  a  ray  incident 
normally  on  the  surface  between  two  media  is  not 
refracted.  Thus  the  ray  a  o  a'"  (Fig.  158),  in  emerging 
at  o  in  a  direction  normal  to  the  surface  b'  f,  suffers 
no  deviation.  When  we  look  perpendicularly  down 
at  a  stone  in  a  pond,  we  see  it  in  its  true  direction. 
A  ray  b  o  (Fig.  158)  incident  in  the  denser  medium 
(water)  will,  on  emerging  at  o  into  the  rarer  medium 
(air),  be  refracted  aivay  from  the  normal  and  take  a 
direction  o  b'  such  that  the  angle  a'  o  b'  is  greater 
than  the  angle  a  o  b.  Similarly,  a  ray  c  o  will  be 
refracted  along  o  ch  Finally,  a  limiting  position 
will  be  reached  when  the  ray  d  o  will  be  re¬ 
fracted  along  o  d'  at  right  angles  to  the  normal 
O  a'.  It  clearly  cannot  be  more  refracted  than  this. 
Any  ray  e  o.  making  an  angle  greater  than  a  o  d 
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with  the  normal  o  a,  will  not  emerge  at  all,  but  is 
totally  reflected  from  the  under  surface  p  d'  to  e' 
and  would  be  seen  by  an  eye  under  water  as  in  a 
looking-glass.  A  bright  metal  spoon  in  a  glass  of 
water,  held  a  little  above  the  observer’s  eye,  shows 
this  image  very  well.  An  empty  test-tube  held 
under  water  and  seen  from  above  looks  as  if  it  were 
silvered,  and  small  solid  objects  placed  in  the  tube 
become  invisible  as  if  they  were  behind  ”^a  looking- 


glass.  The  light  passing  downwards  through  the 
water  is  totally  reflected  from  the  surface  of  the 
test-tube  on  which  it  falls.  This  total  reflection  is 
very  perfect  and  brilliant,  as  practically  no  light  is 
lost.  The  phenomenon  can  evidently  only  occur  when 
light  is  passing  from  the  denser  medium  to  the  rarer. 
The  angle  d  o  A  at  which  total  reflection  just  begins 
is  called  the  critical  angle,  because  if  the  angle  of 
incidence  is  greater  than  the  critical  angle  the  ray 
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is  totally  reflected,  and  if  less  the  ray  is  refracted 
in  the  ordinary  way. 

The  critical  angle,  water  to  air,  =  48°  30' ;  glass 
to  air,  41°  75' ;  diamond  to  air,  23°  41'.  The  relation 
between  the  refractive  index  /x  and  the  critical 

angle  (<))  is  /x  =  •  ^  = — : — ^  or  sin  ^  . 


sin  ^ 


sin 


An  object  at  a  (Fig.  159)  is  seen  at  a'  by  light  which 
has  been  totally  reflected  in  the  glass  prism,  where 
the  angle  of  incidence  is  45°  and  therefore  exceeds 
the  critical  angle. 


Fig.  150. — Total  reflection. 


The  mirage  can  be  explained  as  the  result  of  the 
combined  action  of  refraction  and  total  internal 
reflection.  It  appears  in  the  air  when  the  lowest 
layers  of  the  air  are  cooler  than  those  above,  and 
below  the  ground  level  if  the  air  is  hottest  near  the 
surface,  as  in  Fig.  160,  which  gives  a  diagram  of  the 
formation  of  the  image  of  a  tree  in  a  hot  sandy  desert. 
If  we  trace  the  course  of  a  ray  from  a  point  o  as  it 
passes  from  the  dense  to  the  rarer  air,  it  is  bent  more 
and  more  from  the  normal  until  it  passes  the  critical 
angle,  when  it  is  internally  reflected  and  reaches  the 
eye  in  the  direction  o'  a,  so  that  the  tree  appears 
inverted  at  o'.  In  all  cases  of  mirage  there  must  be 
comparatively  still  layers  of  air  of  different  densities. 
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Prisms. — If  we  look  through  a  glass  prism  at  an 
object  p  (Fig.  161),  it  appears  to  be  at  p'.  The 
rays  from  p  striking  the  prism  are  bent  towards  the 
normal.  On  emerging  into  the  air  they  are  again 


refracted,  and  enter  the  eye  in  the  direction  p'  E. 
By  gently  turning  the  prism  the  image  p'  will  be  seen 
to  move  farther  away,  and  then  (still  turning  the 


A 


Fig.  101.— Refraction  through  a  prism. 


prism  in  the  same  direction)  come  back  again.  The 
position  in  which  the  image  p'  and  the  object  p  are 
nearest  to  eacli  otlier  is  termed  the  position  of 
minimum  deviation.  The  angle  p  o  p'  is  the  angle 
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of  deviation  of  the  ray  from  its  original  direction  p  o. 
The  deviation  (D)  depends  upon  the  angle  (A)  of  the 
prism  and  also  upon  the  index  of  refraction  (p)  of 
the  substance  of  which  the  prism  is  made.  It  can 
be  proved  that  in  general,  when  the  incident  angle 
is  small,  D  =  (p  —  i)  A.  The  position  of  minimum 
deviation  is  the  one  most  often  employed  in  prac¬ 
tice  ;  in  this  position  the  ray  b  c,  passing  through 
the  glass,  is  parallel  to  the  base  of  the  isosceles 
prism  and  the  angles  a  and  /3,  which  the  ray  makes 
with  the  normals  N  B,  n  c,  in  air,  are  equal  ;  also  the 
angles  y  and  which  the  ray  makes  with  these 
normals  inside  the  prism,  are  equal.  When  D  has 
this  minimum  value,  it  can  be  proved  that 

.A  ^  A  +  D 
fi  sin  -y  =  sin  — 

The  following  is  a  simple  geometrical  jiroof  of  these 
important  relations  :  — 

D  =  angle  O  C  B  -j  angle  0  B  0  (Eucl.  I.,  32) 

-  -  5)  +  (a  -  7) 

=  (;8  +  a)  -  (5  +  7) 

The  angles  A  C  N,  ABN  are  right  angles 
the  angles  C  A  B,  C  N  B  equal  two  right  angles 
^  ^  y  =  C  A  B  =  A  (Eucl.  I.,  32) 

.-.  i)  —  (|8  +  a)  —  ^4 

also  sin  a  sin  jS 

sin  7  —  ^  ^ 

when  the  angles  are  simll  (p.  16) 

7^5 

or  a  =  jx  y  and  ^  —  jx  8 
a  +  ^  ^  (7  +  5)  =  ^  .4 

and  D  =  (^i  -  1)  A 

In  the  special  case  of  minimum  deviation  we  have  a  =  /3 
and  7  =  5; 
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O',  -j-  ^ 


A  D 


and  7  = 


A 


u 


'■1 


A  +  D 


sin  a 


sin  7 


By  this  formula  the  index  of  refraction  of  any  substance 
which  can  be  cut  into  a  prism  of  knowm  angle  can  be 
determined. 

Ileuses.— Tf  tavo  similar  triangular  prisms  be 
placed  base  to  base,  the  rays  from  a  distant  source 


P 


Fig.  1G2. — Parallel  rai^s  and  double  prism. 


of  light  will  be  refracted,  and  converge  to  a  point 
p  (Fig.  162).  If  the  surfaces  be  ground  into  curves 
we  have  a  convex  lens  touched  at  four  points  by  the 
two  prisms.  If  the  prisms  be  inverted  so  that  their 
thin  ends  meet,  the  arrangement  is  ecpiivalent  to  a 
diverging  or  concave  lens. 

Lenses  are  broadly  distinguished  as  convex  or 
concave,  but  several  varieties  of  each  class  are  recog¬ 
nized  (Fig.  163).  In  the  convex  group  the  lens  is 
thickest  at  the  centre  ;  in  the  concave  group  the 
greatest  thickness  is  at  the  edges. 

Optical  centre  of  a  lens. — If  Cj^  and  Cg  (Fig.  167) 
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be  the  centres  of  curvature  of  the  two  faces  of  a  lens, 
the  straight  line  Cg,  produced  both  ways,  is  they>rm- 
cipal  axis  of  the  lens.  A  point,  q,  can  be  found  in  C2 

such  that  where  r.  is  the  radius  of  curvature 

fa 

of  the  circle  whose  centre  is  and  fg  oi  fbat  whose 
centre  is  C2.  This  point,  q,  is  the  optical  centre  of 
the  lens.  All  raj^s  which  traverse  the  lens  and  pass 
through  Q  emerge  in  directions  parallel  to  those 
which  they  had  before  entering  the  lens.  Neglecting 


Double 

convex. 


Plano¬ 

convex. 


converging 

meniscus. 


Plano-  Convexo- 
concave.  concave, 
diverging 
meniscus. 


Fig.  1()3. — Lenses. 


the  thickness  of  the  lens,  we  regard  their  course  as 
straight. 

Double  convex  lens. — 1.  Rays  from  a  point  at  an 
infinite  distance  form  a  parallel  pencil  and  converge 
after  refraction  to  a  point  f  on  the  principal  axis 
(Fig.  164),  termed  the  principal  focus.  The  distance 
between  the  lens  and  the  principal  focus  is  called 
the  focal  length  of  the  lens. 

2.  If  the  object  o  moves  nearer,  but  is  still  beyond 
F,  the  rays  come  to  a  conjugate  focus  at  f'  (Fig.  164,  2). 

3.  If  the  object  is  at  f,  the  rays  emerge  parallel 
(the  converse  of  1'' 
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4.  If  the  object  is  between  f  and  the  lens,  only  a 
virtual  focus  is -formed  at  f'  (Fig.  164,  4). 

Images  formed  hy  convex  lenses. — There  is  a  close 
general  resemblance  between  the  formation  of 
images  by  a  convex  lens  and  by  a  concave  mirror 
(p.  233),  though  the  former  is  due  to  refraction,  the 


4 

F 


Fig.  104. — Convex  lens. 


latter  to  reflection.  The  position  of  the  image  can 
be  found  by  a  construction  very  similar  to  that 
employed  before  (p.  233). 

1.  When  the  object  is  beyond  the  principal  focus, 
as  the  arrow  a  b  (Fig.  165,  1),  the  position  of  the 
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image  is  found  as  follows  ;  {a)  Draw  lines  from  a 
and  B  through  c,  the  (optical)  centre  of  the  lens  : 
the  images  of  a  and  B  will  be  somewhere  on  a  c  and 
B  0  produced,  since  rays  through  c  undergo  no 
deviation,  (b)  Through  a  and  b  draw  lines  parallel 
to  the  principal  axis  to  cut  tlie  lens  at  x  and  x'. 
Since  parallel  rays,  after  refraction,  pass  through 
F,  the  images  of  a  and  b  will  be  somewhere  on  x  p 


and  x'  F,  produced ;  the  image  will  therefore  be 
formed  where  these  two  lines,  when  produced,  cut 
A  c  and  B  c,  also  produced.  The  image  is  real. and 
inverted  (camera  lens). 

2.  When  the  object  is  between  f  and  the  lens, 
we  make  a  similar  construction  (Fig.  165,  2).  In 
this  case,  however,  x  f  and  a  c  would  not  meet  if 
produced  through  f  and  c.  If  produced  backwards 
they  meet  in  a',  which  would  therefore  be  the  virtual 


STANHOPE  LENS 


253 


CiiAr.  11 


image  of  a,  seen  by  an  observer  so  placed  that  liis 
eye  receives  the  rays  x¥,  a  c.  Similarly,  b'  will  be 
the  virtual  image  of  b,  to  an  eye  which  receives  the 
rays  x'  r,  b  c.  The  image  a'  b'  is  erect,  magnified, 
and  virtual.  Such  an  image  is  seen  when  the  lens 

is  used  as  a  magnifying 


glass. 


Fig.  16(3. — Stauliope  lens. 


The  Stanho'pe  lens  consists 
of  a  piece  of  glass  rod,  one 
end  of  which  is  ground 
flat  and  polished,  while  the 
other  has  a  convex  surface  forming  a  lens  whose 
focal  length  is  such  that  objects  held  on  the  flat  face 
are  in  the  focus  of  the  lens.  It  is  often  used  for 
magnifying  small  photographs  cemented  on  the  flat 
surface  A  (Fig.  166). 

If  the  constructions  of  Fig.  165  are  drawn  to  scale, 
graphical  solutions  of  problems  relating  to  convex 
lenses  can  be  deduced  from  them.  The  distances  of 
the  object  and  image  from  the  lens  are,  however, 
connected  by  the  relation 

1  1 

+  —  =  a  constant. 


u 


V 


This  relation  can  be  verified  by  experiment  for 
several  positions  of  object  and  image  with  the 
apparatus  of  Fig.  175.  Bufc  we  know  that  when 
u  =  oo,  V  =  f;  we  must  therefore  have 


1 


CJO 


but  -  -  =  0, 
00 

have,  always, 


1 

-\-  y  =  this  constant ; 

.  1 

the  constant  =  >,  and  we  must 

/ 

1  1  1 


u 


V 


7 


This  important  formula  may  also  be  deduced  from 
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the  formula  D  —  {/jl  —  1)  A  (p.  248).  If  p  b  c  e 
(Fig.  167)  be  the  course  of  a  ray  through  the  convex 
lens,  and  we  draw  tangent  planes  at  b,  c,  meeting  in 
A,  we  have  then  the  prism  of  Fig.  161  ;  the  normals 
at  B,  c  are  now  the  radii  of  curvature  r 2 T  a  =  u, 
EC  =  V  ;  from  B,  c  draw  perpendiculars  x^,  to 


1  A  ^ 


the  principal  axis  of  the  lens.  We  know  (p.  247)  that 


D 


=  angle  P  0  P' 

^  OEP  +  OP  E  (Fuel.  I.,  32) 

=  sin  0  E  P  +  sin  0  P  E — if  the  angles  are 
small  (p.  16) 


To 


X, 


V 


d- 


u 
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We  also  proved  that 


A  =  angle  N  G  B  +  angle  NBC 
=  B  (EucL  I.,  32) 

^  NC\C^  +  N  Co  C, 

_ 5a  _|_  ^2 


r, 


tAj'  ^ 


X. 

V  "u 


X. 


(m  - 1)  -'  + 


X, 

'i  o 


But  if  the  lens  is  very  thin,  so  that  B  c  is  practically 
parallel  to  the  principal  axis,  will  be  equal  to  iCg, 
and  we  can  divide  through  by  this  factor  and  so 
obtain  1  ,1  _  ,  -,  */ 1  1  \ 

+  L  ~  (a'  “  1)  (  —  +  -  ) 


V 


u 


—  a  constant  which  depends  only  on  the  curvature 
and  index  of  refraction  of  the  lens. 

As  before,  if,  when  w  is  oo,  we  denote  ,  the  corre¬ 
sponding  value  of  V  by  /,  we  noAv  obtain 

1 

7 


(/^  - 


i+i 

■>■1 


Concave  lens.  -  In  this  case  the  corresponding 
construction  leads  to  the  result 


1 

V 


ii 


or 


(/^  -1) 

1  _  1 

U  V 


1  1 


1 


7 


-/ 


if  we  give  the  negative  sign  to  /.  No  real  image  is 
formed  by  a  concave  lens  ;  the  image  is  always 
virtual  and  erect  (Fig.  168). 

(oiiibiiiRtioiis  of  ien^es,  —  The  compound 

microscope  consists  essentially  of  two  convex  lenses  : 
(1)  a  very  powerful,  but  small,  lens,  termed  the 
object  glass,  or  objective,  o  (Fig.  169),  which  forms  an 
inverted  magnified  and  real  image  at  a,  the  object 
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a  h  being  placed  close  to  the  objective  ;  (2)  a  second 
convex  lens  e,  termed  the  eye-piece,  which  acts  as 
a  magnifying  *  glass  and  produces  at  b  b  a  more 
enlarged  and  virtual  image  of  the  real  image  A. 

The  magnifying  poiver  is  practically  determined  by 


viewing  with  one  eye  a  very  finely  divided  scale  (stage 
microyneter)  through  the  microscope  and  comparing 
this  with  an  ordinary  scale  (held  at  the  distance  of 
distinct  vision,  about  10  in.)  seen  by  the  other  eye. 


With  a  little  patience  and  practice  the  images 
seen  by  the  two  eyes  can  be  made  to  overlap  and 
can  thus  be  compared.  If  millimetre,  when 

viewed  through  the  microscope,  appears  to  be  of 
the  same  length  as  9  millimetres  seen  by  the  un- 
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aided  eye,  the  magnifying  power  is  as  :  9,  or  as 

1  :  900.  This,  in  fact,  gives  the  ratio  of  b  b  to  a  h 
{Fig.  169). 

Astronomical  telescope. — This  consists,  like  the 
compound  microscope,  of  two  convex  lenses.  The 
object  glass  o  (Fig.  170)  forms  an  inverted  real 
image,  which  the  eye-piece  magnifies,  forming  a 
virtual  image.  The  difference  between  the  two  in¬ 
struments  is  that,  as  the  objects — sun,  moon,  etc. — 
viewed  by  the  telescope  cannot  be  brought  near  the 
object  glass,  the  entire  magnification  is  performed 
by  the  eye-piece.  In  theory  the  magnifying  power 
of  the  telescope  is  represented  b}^'  the  ratio,  focal 


Fig.  170.  Astronomical  telescope. 


length  of  field  lens  :  focal  length  of  eye  lens.  It  may 
also  be  experimentally  determined  by  viewing 
divisions  on  a  distant  scale  which  can  be  seen  both 
with  the  telescope  and  without  it.  Viewed  in  this 
way  simultaneously  with  different  eyes,  direct  com¬ 
parison  shows  that  one  magnified  division  is  equal 
to  71  unmagnified  divisions  ;  the  instrument  therefore 
magnifies  n  times. 

As  the  rays  from  the  circumference  of  a  lens  do 
not  come  to  a  focus  in  quite  the  same  spot  as  those 
from  the  centre,  it  is  usual,  both  in  the  microscope 
and  the  telescope,  to  insert  behind  the  eye-piece  a 
thin  circular  plate  of  metal  with  a  circular  hole, 
called  a  stop  or  diapliragiQi ;  this  cuts  off  the  outer 
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rays  and  gives  a  sharper  image,  although  some  light 
is  lost.  In  the  microscope  there  is  also  an  adjust¬ 
able  stop  to  the  objective. 

When  the  telescope  is  employed  to  view  terrestrial 
objects,  and  it  is  therefore  desired  to  obtain  an  erect 
image,  two  additional  convex  lenses,  r,  r  (Fig.  171), 
are  introduced  between  the  object  glass  and  the  eye¬ 
piece,  so  that  the  image  is  re-inverted  and  becomes 
erect.  These  extra  lenses  do  not  magnify,  and  the 
image  loses  somewhat  in  brightness  owing  to  the 
slight  loss  of  light  in  passing  through  two  lenses. 
The  object  glass  forms  the  image  i,  which  is  rendered 
erect  at  ii,  and  magnified  at  iii. 


Fig.  171.  Diagram  of  terrestrial  telescope. 


Galileo’s  telescope  {opera  glass). — This  consists  of 
one  convex  and  one  concave  lens,  separated  by  a 
distance  equal  to  the  difference  between  their  focal 
lengths.  No  real  image  is  formed,  but  the  com¬ 
bination  is  short,  handy,  and  gives  a  well-lighted 
image. 

The  object  glass  o  (Fig.  172)  would  form  an  in¬ 
verted  real  image  at  c,  but  the  ray  a  B  is  refracted 
by  the  concave  lens  e,  and  forms  a  \drtual  image 
at  a',  which  is  erect  and  magnified. 

The  magic  lantern  contains  two  lenses,  one  a  large 
convex  or  plano-convex  lens  c  c,  in  the  principal 
focus  of  which  is  placed  the  illuminant  l,  so  that 
parallel  rays  are  thrown  on  the  object  b.  In  front 
is  a  convex  lens  a,  the  projecting  lens,  which  forms  a 
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magnified  inverted  image  on  the  screen,  as  seen  in 
Fig.  173. 

Long:  sig:tit  and  short  sig:ht.—In  a  normal  eye 
the  extent  of  refraction  which  rays  of  light  undergo 
in  their  passage  through  the  cornea,  aqueous  humour, 


crystalline  lens,  and  vitreous  humour  is  just  what 
is  required  to  bring  them  to  a  focus  at  the  distance 
of  the  retina  and  produce  there  a  sharp  inverted 
image  of  the  object  viewed.  As  the  distance,  u, 
of  the  image  from  the  lens  is  practically  constant. 


Fig.  173. — Magic  lantern. 


we  should  only  be  able  to  see  objects  clearly  at  one 
distance,  u,  if  the  lens  were  rigid  and  unyielding  as 
the  glass  lens  we  have  hitherto  considered.  This 
however,  is  not  the  case,  and  the  ciliary  muscles  are 
able  to  alter  the  curvature  of  the  anterior  surface 
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of  the  lens,  making  it  more  convex  to  view  near 
objects  and  less  convex  to  view  distant  objects.  So 
long  as  the  muscular  and  other  tissues  retain  suffi¬ 
cient  of  the  elasticity  which  distinguishes  them  in 
youth,  the  eye  will  retain  this  power  of  accommodation 
and  possess  considerable  dejjtli  of  focus.  It  can 
then  produce  without  conscious  effort  sharp  pictures 
of  objects  at  distances  both  greater  and  less  than 
its  geometrical  focus.  As  age  comes  on,  the  tissues 

lose  their  elasticity,  the  lens 
becomes  flatter,  and  the  in¬ 
dividual  becomes  long-sighted 
(presbyopia).  He  can  form 
sharp  images  of  distant  objects, 
but  the  lens  is  not  convex 
enough,  to  focus  near  objects  ; 
he  begins  to  hold  his  newspaper 
at  arm’s  length,  instead  of  the 
normal  distance  of  10  in.  The 
image  of  near  objects  is,  in 
fact,  formed  behind  the  retina 
(i..  Fig.  171).  To  correct  this 
we  must  aid  the  eye  by  means 
of  a  convex  lens,  which  in- 
’  creases  the  convergence  of  the 
ra^^s  and  brings  them  to  a 
sharp  focus  on  the  retina  r. 

In  short  sight,  or  myopia  (ii..  Fig.  174),  we  have 
the  converse  of  the  above.  The  lens  is  too  convex 
and  forms  an  image  in  front  of  the  retina  R.  In 
some  cases,  as  the  person  gets  older,  this  is  partially 
remedied  by  the  flattening  of  the  cornea  ;  but  it 
is  usually  necessary  to  correct  this  defect  with  a 
concave  glass,  which  diminishes  the  convergence  of 
the  rays  and  so  brings  them  to  a  focus  on  the  retina. 

i-cs.  Lenses  are  numbered  by  opticians  ii] 
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terms  of  a  unit  lens  of  1  metre  focal  length,  which 
is  described  as  one  dioptre,  Id.  A  lens  of  n  dioptres, 

nT),  has  a  focal  length  =  --  m.  =  cm.  There  is 

n  n 

some  convenience  in  this  method,  because  it  gives  to 
the  stronger  lens — with  the  smaller  focal  length — the 
larger  number.  As  convex  and  concave  lenses  are 
also  distinguished  as  positive  and  negative,  a  concave 
lens  whose  focal  length  is  20  cm.  is  numbered  —  5d. 

'To  tletermifie  tlie  leiigtii  of  a  convex 

lens.— 1.  Focus  the  image  of  a  distant  object— the 
sun,  a  window,  tree,  etc, — on  a  piece  of  white  paper  : 


Fig.  175. — Optical  bench. 


when  the  image  is  sharp,  the  perpendicular  distance 
between  the  image  and  the  lens  is  the  focal  length. 

u  —  Qo,  and  therefore  v  =  f 

2.  If  V  be  the  distance  of  the  image  from  the  lens, 
and  u  that  of  the  object  from  the  lens,  and  /  the 
distance  of  the  principal  focus,  we  have  stated  (p.  255) 
that  1  1  ^ 

p  u  ~  f 

Arrange  the  lens  l  (Fig.  175)  on  a  graduated  scale ; 
provide  also  a  screen  of  ground  glass  g  and  well- 
illuminated  arrow  a,  or  cross,  cut  out  of  thin  sheet 
zinc  ;  place  them  as  shown  in  the  illustration,  shift 
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the  lens  and  screen  so  as  to  get  sharp  images,  and  cal¬ 
culate  the  value  of  /  from  various  determinations  of 
u  and  V. 

3.  Adjust  the  distances  of  object  and  image  from 
the  lens,  till  they  are  equal  ;  we  have  then,  since 


u  —  V, 


tl  u  ~~  f 


2  1 


u  ^  2f 


Hence  in  this  position  the  focal  length  is  one-fourth 
of  the  total  distance  hetivee^i  the  object  and  the 
image.  Since  the  object  and  image  are  in  this  case 
equally  distant  from  the  lens,  they  are  also  equal 
in  size. 

4.  The  image  may  also  be  located  by  the  method 
of  parallax  (p.  223).  This  method  has  the  advantage 
of  dispensing  with  the  screen,  and  is  therefore  not 
limited  like  the  previous  ones  to  real  images,  but  can 
be  used  to  locate  virtual  images  also,  such  as  the 
erect  magnified  image  of  Fig.  165  (2). 

5.  The  focal  length  of  a  convex  (or  concave)  lens 
may  be  determined  by  measuring  the  curvature  of 
its  faces  w’hen  the  index  of  refraction  of  the  lens 
substance  is  known.  If  and  rg  be  the  radii  of 
curvature  of  the  two  faces  of  the  lens,  and  if  p  be 
the  refractive  index  of  the  glass  of  which  the  lens  is 


made, 


and  ^2  found  by  the  spherometer  (p.  395). 

In  the  case  of  an  Cquiconvex  (or  equiconcave)  lens, 

3 

=  ^2  ~  therefore,  w^hen  p  =  tj,  w^e  shall 
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1  1  2 

f  2  r 

or  f  —  r 

To  distinguish  hetvveoii  a  convex  and  a 
concave  lens.— The  image  of  a  distant  object 
viewed  through  a  convex  lens  is  nearer  to  the 
observer  than  is  the  lens  ;  the  image  of  the  same 
object  viewed  through  a  concave  lens  is  on  the  same 
side  as  the  object,  and  therefore  h  farther  from  the 
observer  than  is  the  lens.  It  follows,  therefore,  from 
the  method  of  parallax  (p.  223),  that  if,  while  con- 
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Fig.  170. — Determination  of  focus  of  concave  lens. 

tinning  to  view  the  image,  we  slowly  move  the 
lens  to  the  right,  the  image,  if  the  lens  is  convex, 
will  move  to  the  left,  but,  if  the  lens  is  concave, 
will  move  to  the  right.  This  is  a  delicate  and  use¬ 
ful  test. 

To  deterininc  llie  focal  icngtli  of  a  concave 
lens.— 1.  Combine  it  with  a  convex  lens  so  that  the 
combination  behaves  as  a  flat  glass  plate.  If  the 
focal  length  of  the  convex  lens  be  known,  that  of 
the  concave  is  obviously  the  same  but  negative. 

2.  Locate  the  image  by  the  method  of  parallax  ; 
measure  u  and  v  and  use  the  formula  (p.  253),  giving 
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a  negative  sign  to  v  as  the  image  is  now  on  the  same 
side  as  the  object ;  /  will  be  found  to  have  a  negative 
value  also,  indicating  that  the  lens  is  concave. 

3.  Cover  the  concave  lens  with  a  piece  of  thin 
opaque  paper  (Fig.  176)  and  make  two  pin-holes,  a 
and  b,  equidistant  from  the  centre  ;  throw  a  paral¬ 
lel  beam  so  as  to  obtain  two  spots  of  light  on  a 
screen  ;  then— 

ah  FO  FO  f 

a'h'  ~  F  S  "" 
measure  a  b,  a'  b' ,  and  0  S. 


J'ig.  177. — Determination  of  foens  of  concave  lens. 

4.  Take  a  convex  lens  of  shorter  focus  (Fig.  177), 
and  in  the  optical  bench  determine  (1)  the  position 
p'  of  the  image  of  an  object  a,  formed  by  the  convex 
lens  alone,  (2)  the  position  p"  of  the  image  of  a, 
formed  by  the  combination  of  the  convex  and 
concawe  lenses  ;  then — 

111 

-  -  =  y-and  L'  P'  =  u  and  L'  P"  =  v 

V  u  j 

5.  If  two  convex  lenses  of  focal  length /j,  and/2,  be 
combined,  and  the  focal  length  of  the  combination 
e  P,  then — 
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F  =  /i  A 

/i  +  A  —  “ 

where  a  is  the  distance  between  the  lenses.  If  a  ==  o, 
the  lenses  are  actually  in  contact  and  the  equation 
may  be  written  thus — 

1  _  1_  , 

We  must  therefore,  as  in  the  preceding  method, 
(1)  select  a  convex  lens  of  focal  length  shorter 
than  the  focal  length  ( — /i)  of  the  given  concave 
lens,  and  determine  /2  ;  we  must  (2)  determine  f 
the  focal  length  of  a  converging  combination  of  the 
two  lenses  ;  we  can  then  find  from  the  foregoing 
formula. 

6.  By  the  spherometer  method  (5,  p.  262). 

To  determine  tlie  mag:iiifyjGig:  power  of  a 
convex  lens.— If  we  suppose  that  the  image  b' 
(Fig.  165,  2)  is  formed  at  10  in.  from  c,  we  can  prove 
by  similar  triangles  that — 

u  A  B  XX  f 

.-.  the  magnifying  power  of  the  lens 

A'B'  /+  10  ,  ,  10 

AB  f  ^  ^  f 

By  looking  at  some  squared  paper,  without  the 
lens,  from  the  nearest  distaii.ee  of  distinct  vision,  and 
then  interposing  the  lens  at  Aiq  farthest  distance  from 
the  paper  consistent  with  distinct  vision  of  the 
magnified  image  thus  seen,  it  is  easy  to  determine 
the  magnification  by  direct  comparison  of  object  and 
image  :  they  are  seen  simultaneously,  with  diherent 
eyes  ;  if  one  image-square  is  seen  to  be  equal  to  n 
object-squares,  the  lens  evidently  magnifies  n  times. 

Velocity  of  Bijflil.— The  first  recorded  estimate 

j* 
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of  the  velocity  of  light  seems  to  have  been  made 
by  a  Danish  astronomer,  Roemer,  who  communicated 
the  discovery  to  the  French  Academy  of  Sciences  in 
1675.  The  planet  Jupiter  has  four  moons  or  satel¬ 
lites  which  revolve  round  it,  and  from  time  to  time 
become  eclipsed,  to  an  observer  on  the  earth,  as  they 
pass  into  the  umbra  (p.  219)  cast  by  Jupiter.  This 
happens  about  every  42J  hours  to  the  moon  which 
is  nearest  Jupiter.  The  interval  is  not  quite  constant, 
and  Roemer  observed  that  it  regularly  increased 
as  the  earth  and  Jupiter  moved  farther  apart,  and 
regularly  diminished  as  they  approached  nearer  to 
each  other.  He  therefore  rightly  concluded  that  the 
small  variations  observed  in  the  length  of  the  interval 
were  due  to  the  fact  that  light- took  longer  to  reach 
the  earth  when  it  was  farther  away  from  Jupiter. 
The  total  variation  amounts  to  16  min.  26-6  sec. 
This  must  therefore  be  the  time  which  light  takes  to 
travel  a  distance  equal  to  the  diameter  of  the  earth’s 
orbit,  or  about  184,000,000  miles  ;  its  velocity  is 
tlierefore  very  nearly  186,500  miles  per  second. 

This  value  was  practically  confirmed  by  James 
Bradley,  an  English  astronomer,  who  announced  to 
the  Royal  Society,  in  1729,  his  discovery  of  the 
aberration  of  light.  Light  travels  in  a  straight  line, 
and  will  therefore  pass  centrally  down  a  straight 
tube  whose  axis  lies  in  this  straight  line,  if  the  tube  is 
stationary ;  but  if  the  tube  is  moving,  the  axis  must 
be  inclined  to  this  straight  line  at  such  an  angle  that 
each  successive  point  of  the  axis  crosses  the  line  just 
at  the  moment  that  the  light  has  travelled  to  the 
same  crossing.  Similarly,  we  have  to  hold  an  umbrella 
at  a  certain  angle  to  the  vertical  when  walking  in  the 
rain,  although  the  rain  is  falling  vertically  at  the 
time  ;  the  faster  we  walk  the  greater  the  angle  must 
be.  An  observer  on  the  earth,  pointing  his  tele- 
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scope  at  a  star,  is  similarly  affected  by  the  motion 
of  the  earth,  and  points  the  telescope  not  at  the  true 
position  of  the  star  but  at  a  position  slightly  dis¬ 
placed  from  that.  This  displacement  measures  the 
aberration,  and  evidently  dejiends  on  the  ratio 
between  the  velocity  of  the  earth’s  motion  in  its 
orbit  and  the  velocity  of  light.  This  ratio  is  found 
from  the  aberration  to  be  about  1  to  10,000,  and 
since  the  velocity  of  the  earth  is  nearly  18-5  miles 
per  second,  the  velocity  of  light  is  nearly  185,000 
miles  per  second.  From  the  relation  s  =  v  t  (p.  9) 
it  is  clear  that  when  v  is  so  large  s  must  also  be  large 
unless  t  is  some  small  fraction  of  a  second.  By 
selecting  astronomical  distances  for  s  we  have  been 
able  to  give  an  appreciable  value  to  t  for  the  observa¬ 
tion  and  measurement  of  this  great  velocity.  The 
value  has,  however,  been  measured  more  recently 
by  methods  in  which  only  small  terrestrial  distances, 
accurately  measured,  are  employed.  Two  of  these 
must  be  briefly  described. 

Fizeau’s  method. — In  this  method  a  toothed  wheel 
revolves  between  a  source  of  light  and  a  plane  mirror. 
The  rate  of  revolution  is  known,  and  just  permits 
the  light  which  passes  through  the  space  between 
two  teeth  to  be  stopped,  after  reflection  from  the 
mirror,  by  one  of  these  teeth.  The  observer,  therefore, 
sees  no  returning  beam  of  light.  The  light  thus 
travels  from  the  wheel  to  the  mirror  and  back  while 
the  wheel  turns  through  the  width  of  a  tooth.  Both 
distance  and  time  being  known,  the  velocity  of  light 
is  readily  calculated. 

Foucault’s  method. — In  this  method  a  beam  of 
light  incident  on  a  plane  mirror  is  reflected  to  a 
concave  mirror.  The  plane  mirror  is  rotating  at  a 
Iviiown  rate  about  an  axis  in  its  own  plane.  The 
centre  of  curvature  of  the  concave  mirror  is  situated 
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in  this  axis  so  that  the  beam  is  reflected  back  from 
the  concave  to  the  plane  mirror,  and  from  this  to 
the  original  source.  If  the  plane  mirror  is  rotating 
with  sufficient  rapidity,  the  image  formed  by  the 
returning  beam  will  be  sensibly  displaced.  This 
displacement  is  a  measure  of  the  angle  through 
ivhich  the  plane  mirror  has  turned  while  the  light 
travelled  twice  the  distance  between  the  mirrors. 
From  this  angle  and  the  known  speed  of  rotation 
(400  revolutions  per  second)  we  can  deduce  the  time 
occupied  in  the  double  journey.  AVe  have  therefore 
values  of  s  and  t,  and  can  find  the  velocity,  v,  from 
the  usual  equation  s  =  vt  (p.  9). 

The  results  obtained  by  these  terrestrial  methods 
show  that  the  value  of  v  is  very  close  to  300  X  10® 
metres  per  second. 

Exercises 

].  A  converging  lens  of  4  cm.  focal  length  is  used  as  a 
magnifying  glass,  the  nearest  distance  of  distinct  vision  being 
25  cm.  Where  must  the  object  be  placed  when  the  lens  is 
quite  close  to  the  eye,  and  what  is  then  the  magnification  ? 

2.  A  convex  lens  of  6  in.  focal  length  is  employed  to  pro¬ 
ject  a  magnified  image  on  a  screen  placed  3  ft.  from  the 
object.  Where  must  the  lens  be  placed  ?  Describe  the  image. 

3.  If  the  refractive  index  of  glass  is  1-6,  show  how  to  con¬ 
struct  the  smallest  angle  of  incidence  at  which  total  reflection 
in  the  glass  occurs. 

4.  A  convex  lens  has  a  focal  length  of  25  cm.  What  are 
the  positions  of  the  image  corresponding  to  the  three  follow¬ 
ing  distances  of  the  object  from  the  lens  :  i.  50  cm.,  ii.  25  cm., 
iii.  12-5  cm.  ?  [First  Professional.] 

5.  If  a  person  is  unable  to  see  clearly  objects  that  are 
nearer  to  him  than  ]  metre,  what  kind  of  lens  would  enable 
him  to  read  a  book  held  at  a  distance  of  30  cm.  ?  What 
should  be  the  focal  length,  and  the  foiver,  of  the  lens  ? 

G.  A  man  is  so  short-sighted  that,  without  s]icctacles,  he 
cannot  see  distinctly  objects  which  are  more  than  Gin.  from 
his  eye.  To  what  defect  of  his  eye  is  this  due  ?  What 
glasses  would  enable  him  to  see  a  star  distinctly  ? 

(For  Answers,  see  p.  380.) 
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Prismatic  Dispersion  —  Spectra  —  Spectroscopes — Nature 
of  Colour— Double  Refraction — Polarization  of  Light 
— Saccharimeter — Exercises. 

Dispersion.— We  have  already  seen  that  a  beam 
of  white  light,  when  passed  through  a  prism,  is 
refracted  and  bent  away  from  the  thin  end  of 
the  prism.  Moreover,  the  light  is  no  longer  white, 
but  coloured.  Every  image  we  observe  through  a 
prism,  even  the  image  of  the  pin  (p.  247),  is  more 
or  less  rainbow-tinted.  The  prism  not  only  re¬ 
fracts,  but  analyses  the  composite  white  light  and 
decomposes  it  into  its  constituent  colours.  In  an 
optical  sense  the  number  of  these  colours  is  legion, 
for  in  this  sense  there  are  as  many  colours  as  there 
are  light  waves  of  different  length  in  the  visible 
spectrum  ;  even  the  two  sodium  lines  (Frontispiece, 
2)  represent  two  yellows,  in  this  sense,  for  their  wave 
lengths  differ  by  6  tenth-metres.  Our  sense  of 
vision  is  by  no  means  so  refined,  and  physiologically 
we  appear  to  have  only  three  fundamental  colour 
sensations,  which  correspond  roughly  to  red,  green, 
and  blue-violet.  This  number  appears  to  be  reduced 
to  two  in  about  4  per  cent,  of  people  whose  vision 
has  been  tested.  Dalton,  the  famous  chemist,  acci¬ 
dentally  discovered  that  both  he  and  his  brother  were 
unable  to  distinguish  between  red  and  green.  His 
form  of  colour  blindness  has  been  called  Daltonism, 
and  the  subject  has  received  considerable  attention 
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since  liis  paper  appeared.  The  phenomenon,  how¬ 
ever,  is  still  obscure.  Dalton’s  account  somewhat 
suggests  that  in  his  case  the  range  of  colour  sensa¬ 
tion  was  narrowed  at  the  red  end,  and  perhaps 
slightly  extended  at  the  blue  end,  compared  to  the 
normal  range.  The  range  of  audibility  certainly 
differs  in  individuals  (p.  208),  and  the  sense  of  tune 
— a  sort  of  sound  colour — is  almost  absent  in  some. 
To  Dalton  blood  appeared  to  be  “  not  unlike  that 
colour  called  bottle-green He  also  states  that  to 


liiin  “  the  face  of  a  laurel  leaf  [Primus  laurocerasus) 
is  a  good  match  to  a  stick  of  red  sealing-wax  ;  and 
the  back  of  the  leaf  answers  to  the  lighter  red  of 
wafers  ”  ;  also,  “  a  red  soil  just  turned  up  by  the 
plough  ”  resembled  the  green  woollen  cloth  such 
as  is  used  to  cover  tables.  In  fact,  the  lower  end 
of  the  normal  spectrum  to  him  was  green.  In  a 
normal  sense  of  vision,  howevei',  white  light  appears 
to  stimulate  three  primary  colour  sensations — red, 
green,  and  blue-violet.  Each  of  these  colours  is 
refracted  to  a  different  extent — the  red  least,  the 
violet  most. 
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If  the  source  of  liglit  is  a  spot,  we  have  three 
images  of  the  spot-— one  red,  one  green,  one  blue- 
violet  ;  but  as  these  overlap,  the  colours  are  not 
pure  (Fig.  178)  ;  where  the  three  circles  are  super¬ 
posed  we  have  white  light.  If,  however,  we  take  as 
our  source  of  light  a  narrow  slit,  the  overlapping  is 
slight,  and  we  get  a  pure  spectrum,  a  continuous 
image  of  the  slit  in  all  colours—red,  yellow,  green,  blue, 
violet.  This  is  called  the  eoiitiiiiioiis  spectriiiii, 
and  we  obtain  it  whether  the  source  of  light  is  the 
sun,  an  electric  lamp,  a  limelight,  or  a  gas  or  candle 
dame.  We  can  recompose  these  colours  so  as  to 
reproduce  a  slit  of  white  light,  by  passing  the  beam 


Fig.  179. — Recomposition  of  white  light. 


through  a  similar  prism  placed  in  the  reverse  position 
(Fig.  179). 

It  will  be  remembered  that  the  red  rays  vibrate 
the  most  slowly — 400  million  million  times  in  one 
second ;  the  violet  rays  the  most  rapidly — 760 
million  million  times  in  one  second — and  these  are 
the  most  refrangible.  If  Z),.  represent  the 
respective  deviations  of  the  violet  and  red  rays, 
then  —  D,.  is  the  angle  subtended  by  the  whole 
spectrum  of  colour,  and  is  called  the  dispersion  of 
the  prism.  If  /.u  represent  the  corresponding 
refractive  indices,  we  know  (p.  248)  that 

~  1)  Dr  —  1)  ^ 

dispersion  =  —  y,)  A 

The  dispersive  poiver  (A)  is  the  ratio  of  the^ dis¬ 
persion  to  the  mean  deviation  D — -say  for  the  sodium 
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line — wliicli  is  —  I)  A,  where  ^  is  the  correspond¬ 

ing  mean  refractive  index, 

dispersion 


A  = 


1) 


dispersion  =  A  x  D 


hut 


X 


255),  where  x  is  the  distance  of  the 
incident  ray  in  the  lens  from  the  principal  axis, 

X 

dispersion  =  A  x 

We  shall  presently  make  use  of  this  formula. 

The  vibrations  emitted  from  the  sun,  or  other 
luminous  source,  are  not  all  included  in  the  visible 
spectrum.  Below  the  red  end  are  dark-heat  rays 
— the  infra-red  rays — and  beyond  the  violet  end 
there  are  other  rays  of  still  shorter  wave  length— 
the  ultra-violet  rays — also  invisible  to  the  eye.  The 
existence  of  the  ultra-red  rays  can  be  demonstrated 
by  a  delicate  thermometer,  or  the  thermopile,  and 
the  ultra-violet  rays  can  be  rendered  visible  by  re¬ 
ceiving  them  on  a  screen  moistened  with  an  acid 
solution  of  quinine  sulphate,  which  at  once  shines 
with  a  beautiful  blue  fluorescence  when  exposed 
beyond  the  violet. 

The  character  of  the  spectrum  varies  with  the 
source  of  light.  The  spectrum  of  the  incandescent 
electric  lamp  (p.  104)  is  relatively  rich  in  rays  at  the 
red  (thermal)  end,  but  poor  in  the  ultra-violet  (actinic) 
rays  ;  this  lamp  is  therefore  employed  for  therapeutic 
purposes  in  the  radiant-heat  hath.  On  the  other 
hand,  the  light  from  an  arc  lamp  is  relatively  rich 
in  the  ultra-violet  rays,  which  have  a  special  influ¬ 
ence  on  the  skin  and  neighbouring  tissues,  and  for 
this  reason  the  arc  lamp  has  been  largely  employed 
in  the  Finsen  treatment,  etc.,  though  this  has  been 
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recently  to  some  extent  replaced  by  X-ray  treat¬ 
ment.  The  light  of  the  mercury  vapour  (Uviol)  lamp 
is  particularly  rich  in  violet  and  ultra-violet  rays, 
and  practically  destitute  of  red.  Workers  with  these 
rays  suffer  with  conjunctivitis  unless  the  eyes  are 
protected  by  reddish-yellow  glasses  ;  these  should 
also  be  used,  instead  of  blue  glasses,  to  protect  the 
eyes  from  the  effects  of  snow-glare,  which  are  mainly 
due  to  the  bluer  elements  in  the  sunlight  reflected 
from  the  snow  at  high  altitudes  ;  ordinary  sunlight 
is  not  rich  in  the  ultra-violet  rays,  as  these  are  to  a 
large  extent  absorbed  in  passing  through  the  earth’s 
atmosphere.  Quartz  is  more  transparent  to  ultra¬ 
violet  rays  than  is  glass,  and  therefore  replaces  this 
substance  in  the  lenses,  etc.,  employed  in  operating 
these  rays. 

Line  spectvtim.— -If  the  narrow  slit  be  illuminated, 
not  by  ordinary  white  light  but  by  the  yellow  light 
of  a  sodium  flame,  we  see  only  one  narrow  yellow  band 
instead  of  the  continuous  spectrum  :  the  light  from 
the  sodium  flame  is  not  composite  but  mo7iochromatic. 
If  we  illuminate  the  slit  with  the  lavender  flame  of 
potassium  we  see  one  band  in  the  red  and  one  in 
blue-violet  {see  Frontispiece).  These  two  hues  mixed 
give  us  the  lavender  flame  of  potassium. 

Absorption  spectmin. — If  we  look  at  a  con¬ 
tinuous  spectrum  from,  say,  an  electric  light,  and 
interpose  between  the  electric  light  and  the  slit  a 
mass  of  sodium  vapour,  we  see  the  continuous 
spectrum,  but  with  a  black  line  in  the  place  where 
the  yellow  sodium  line  should  be.  This  is  an  absorp¬ 
tion  hand.  The  sodium  vapour  absorbs  the  same 
light  as  it  would  emit  if  incandescent ;  just  as  the 
C  string  of  a  piano  will  take  up  the  same  sound 
which  it  would  emit  when  struck.  The  black  lines 
in  the  spectrum  of  the  sun  therefore  indicate  the 
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presence  in  the  sun’s  atmosphere  of  substances  which, 
if  incandescent,  will  emit  bright  lines  occupying  the 
same  positions. 


An  instrument  designed  for  the 
observation  of  spectra  is  called  a  spectroscope  and 
consists  of  three  essential  parts  :  (1)  a  narroAV  parallel¬ 
sided  slit ;  (2)  one  or  more  triangular  prisms  of  solid 


Fig.  181. — Spectroscope. 


glass,  or  hollow  glass  prisms  filled  with  carbon  bisul¬ 
phide,  or  other  transparent,  highly  refracting,  liquid  ; 
and  (3)  a  lens  or  lenses  to  produce  distinct  vision. 
The  ordinary  table  spectroscope  (Figs.  180  and  181) 
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consists  of  a  brass  tube  bearing  a  parallel-sided  slit 
at  s,  the  light  from  which  is  focused  by  the  lens  I, 
falls  on  the  prism  p,  and  is  viewed  by  a  telescope 
of  low  magnifying  power  at  l.  The  space  between 
I  and  the  telescope  is  often  covered  by  a  piece  of 
black  velvet  when  the  instrument  is  used,  to  prevent 
light  reaching  the  prism  from  any  other  source  but 
the  slit. 

.  When  the  circumference  of  the  table  (Fig.  181) 
is  divided  into  degrees,  etc.,  and  a  vernier  attached 
to  the  telescope  indicates  on  this  scale  every  position 
to  which  the  telescope  is  moved,  important  measure- 
'ments  can  be  made  with  the  instrument,  which  thus 


Fig.  182. — Prism.s  in  dii’ect-vision  spectroscope. 


becomes  a  sjoectrometer.  The  eye-piece  is  then  fur¬ 
nished  with  cross  wires  whose  intersection  provides 
a  fixed  point  of  reference  in  the  field  of  view.  The 
adjustments  required  in  practice  before  using  the 
instrument  are  referred  to  later  (p.  419). 

A  more  convenient  instrument  for  miany  purposes 
is  the  direct-vision  spectroscope  (Fig.  182),  which 
consists  of  a  number  of  alternate  prisms  of  crown 
and  flint  glass  with  their  edges  turned  in  opposite 
directions  and  so  selected  that  the  refraction  of  the 
light  by  the  crown  glass  is  exactly  corrected  by 
that  of  the  flint  glass  in  the  opposite  direction.  We 
have  already  seen  (Fig.  179)  that,  if  two  exactly 
similar  prisms  are  employed  in  this  way,  the  white 
light  which  traverses  them  is  unchanged  in  direction 
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Riid  is  still  white  ;  the  second  prism  counteracts  both 
the  deviation  and  the  dispersiori  produced  by  the  first. 
These  two  effects,  however,  are  not  due  to  exactly 
the  same  factor  in  a  prism  or  lens  ;  it  is  therefore 
possible  by  employing  prisms,  or  lenses,  of  different 
substances  and  of  different  angles  (1)  to  produce 
deviation  without  dispersion — -as  in  an  achromatic 
lens  ;  (2)  to  produce  dispersion  wdthout  deviation — ■ 
as  in  the  single  straight  tube  of  this  direct-vision 
spectroscope.  When,  therefore,  we  look  at  the  slit 
of  this  instrument  illuminated  by  white  light  we  see 
a  continuous  spectrum  although  the  tube  is  straight. 

A 

As  we  have  found  (p.  272),  the  dispersion  —  x  x\ 

we  can  equalize  this  for  a  combined  convex  (1)  and 
concave  (2)  lens  bv  making 

-^1  ^2 

-  XX.—  X  To 

J  \  /2  " 

or,  neglecting  the  thickness  of  the  lens,  and  there¬ 

fore  calling  x^  =  x^,  we  must  have 

A 1  A  2 

/i  ^  fi 

or  the  dispersive  powers  must  vary  direetly  as  the  foeal 
lengths.  We  shall  then  have  no  dispersion,  and  yet, 
as  the  focal  lengths  are  different,  we  shall  secure 
deviation  and  therefore  form  an  image.  If  we  want 
the  achromatic  lens  to  be  converging,  must  be 
shorter  than  /o,  and  therefore  must  also  be  less 
than  A2  ;  to  secure  this  we  can  use  crown  glass 
(A  ()-033)  for  the  convex  lens  (1),  and  flint  glass 
(A  ==  0-052)  for  the  concave  lens  (2).  Similarly,  by 
a  suitable  combination  of  different  prisms  of  these 
materials  (Fig.  182)  it  is  evidently  possible  to  make 
the  total  deviation  zero  without  at  the  same  time 
abolishing  the  dispersion. 
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When  the  spectroscope  is  directed  towards  the 
sky  on  a  bright  day,  the  continuous  spectrum  is 
seen  to  be  crossed  by  a  number  of  fine  black  lines — 
Fraunhofer^ s  lines — which  are  parallel  to  the  direction 
of  the  slit.  To  see  them  the  spectroscope  slit  must 
be  very  narrow. 

One,  in  the  brightest  yellow,  coincides  in  position 
with  the  sodium  line  ;  it  is  called  the  d  line  (see 
Frontispiece).  There  are  three  prominent  bands  in 
the  red,  A,  b,  and  c  ;  then  in  the  green  will  be  noticed 
two,  E  and  h,  one  at  the  beginning  of  the  blue  f,  and 
one  towards  the  violet  G,  etc.  These  lines  are  pro¬ 
duced  by  the  absorption  of  certain  constituent 
vibrations  from  the  colourless  white  light  emitted 
by  the  sun’s  photosphere.  The  d  line  is  due  to  the 
white  light  traversing  masses  of  sodium  vapour, 
probably  in  the  sun’s  atmosphere,  during  its  passage 
from  the  sun  to  the  eye.  Many  of  these  lines  have 
been  identified  as  belonging  to  the  vapours  of 
metals — iron,  etc. — which  are  known  on  the  earth. 
When  a  powerful  spectroscope — that  is,  one  with 
many  prisms — is  used,  the  number  of  these  lines  is 
enormous. 

Coloured  solutio7is  also  absorb  portions  of  the 
continuous  spectrum.  If  we  interpose  a  solution 
of  potassium  bichromate  between  a  gas  flame  and 
the  spectroscope,  all  the  blue  light  is  stopped  ;  a 
solution  of  copper  sulphate  and  ammonium  hydrate 
transmits  tlie  blue,  but  stops  the  other  colours.  If 
we  combine  tlie  two,  the  whole  spectrum  is  cut  out, 
and  we  have  darkness.  A  solution  of  potassium 
permanganate  stops  the  yellow,  showing  in  its  place 
a  black  absorption  band,  with  tlie  transmitted  red 
and  violet  on  either  side  of  the  black  band.  A 
solation  of  blood,  if  dilate  (see  Frontispiece),  cuts 
out  two  bands  of  colour  near  the  yellow  red,  and 
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gives  the  characteristic  absorption  spectrum  of  oxy- 
hoemoglobin. 

We  distinguish  therefore — 

(1)  The  continuous  spectrum  emitted  by  bodies 

at  a  Avhite  iieat. 

(2)  Absorption  spectra  produced  by  the  inter¬ 

position  of  coloured  fluid,  substances  in 
a  state  of  vapour,  etc.,  between  a  body 
giving  a  continuous  spectrum  and  the 
spectroscope. 

(3)  Bright  line  or  emission  spectra,  emitted 
by  glowing  masses  of  metallic  vapours, 
sodium,  calcium,  etc.,  which  give  bright 
coloured  lines  in  various  parts  of  the 
spectrum. 

<'ol€>B!r  <lB*e  to  rf*tle<!te<l  or  trfiii!»nifiittecl 
I  iS-lit.— Substances  in  general  owe  their  colour  to 
those  constituents  of  white  light  which  they  do 
not  absorb,  but  either  reflect  or  transmit.  Thus  the 
surface  of  a  red  poppy  absorbs  from  white  light  all 
colours  but  red,  a  blue  gentian  all  colours  but  blue  ; 
in  each  case  it  is  the  reflected  colour  which  we  see. 

A  blue  glass  looks  blue  because  it  transmits  the  blue 
rays  and  stops  the  red  ones.  Gold  leaf,  when  held 
between  the  eye  and  a  source  of  white  light,  looks 
green,  but  when  laid  on  the  table  and  viewed  from 
above  looks  yellow.  The  transmitted  light  is  green 
but  the  reflected  light  is  yellow.  If  a  black  photo¬ 
graphic  dish  be  filled  with  a  solution  of  potassium 
bichromate,  it  is  impossible  to  tell  whether  the 
solution  is  coloured  or  not,  but  if  we  sink  in  it  a 
piece  of  white  opal  glass  the  yellow  colour  is  at  once 
seen  by  the  light  reflected  from  the  white  surface. 

Colouring  substances,  or  pigments,  and  coloured 
lights  are  often  confused  :  e.g.  green  light  is  a  pure 
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colour,  and  cannot  be  made  by  mixing,  but  every 
child  who  has  a  paint-box  knows  that  blue  and 
yellow  paints  form  green.  The  explanation  is  that 
the  yellow  paint  is  not  pure,  but  is  a  mixture  of 
yellow  and  green  ;  similarly  the  blue  is  a  mixture 
of  blue  and  green.  Now,  if  we  mix  pure  blue  and 
yellow  lights  we  get  white  light.  Blue  and  yellow 
are  termed  complementary  colours,  so  in  mixing  paints 
the  pure  blue  and  yellow  neutralize  each  other,  to 
form  a  greyish  white,  and  the  green  from  both 
appears. 

The  fact  that  objects  derive  their  colour  from 
the  light  which  falls  on  them  explains  the  familiar 
experience  that  when  seen  by  artificial  light  they 
“  do  not  look  the  same  ”  as  when  seen  by  day.  A 
red  geranium  blossom,  when  illuminated  by  a  light 
which  has  no  red  in  it,  appears  black.  This  explains 
the  ghastly  corpse-like  hue  shown  by  the  tongue, 
lips,  etc.,  when  illuminated  by  a  sodium  flame. 

The  rainbow  is  caused  by  a  combination  of  refrac¬ 
tion,  total  reflection,  and  dispersion. 

Parallel  rays  from  the  sun  strike,  a  spherical  rain¬ 
drop  at  A  (Fig.  183).  Some  of  the  rays  are  refracted, 
and  some  reflected,  passing  out  at  b.  The  incident 
and  reflected  rays  meet  at  p  ;  the  angle  of  deviation 
is  D.  If  s  A  c  B  be  in  the  position  of  minimum 
deviation,  the  angle  s  p  b  is  about  42°  for  red  light 
and  40°  for  violet  light,  so  an  observer  facing  the 
rain-cloud  with  the  sun  shining  behind  him  will 
receive  a  series  of  red  impressions  from  rays  similar 
to  B  F,  and  inside  these  he  will  have  a  circle  of  yellow, 
green,  blue,  and  violet  rays. 

Double  refraetioii.— When  a  black  dot  on  a  piece 
of  white  paper  is  viewed  through  a  rhomb  of  Iceland 
spar,  two  images  of  the  dot  are  seen.  Since  the 
images  are  caused  by  refraction  we  must  conclude 
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that  this  takes  place  in  two  directions,  and  gives 
rise  to  Iavo  refracted  rays.  One  is  called  the  extra¬ 
ordinary  ray  and  the  other  the  ordinary  ray.  The 
ordinary  ray  is  the  more  highly  refracted,  and  the 
image  produced  by  it  therefore  appears  to  be  raised 
rather  above  the  other  ;  the  index  of  refraction  of 
tlie  ordinary  ray  is  1-66  nearly.  The  index  of  refrac¬ 
tion  of  the  extraordinary  ray  is  1*49  nearly.  As 
we  turn  the  crystal  round  above  the  dot,  the  extra- 


Fig.  183.-  Path  of  sun’s  ray  through  drop  of  water  in  a  rainbow. 

>  {After  Aldous.) 

ordinary  image  rotates  round  the  ordinary  one, 
wliich  remains  fixed.  Just  as,  in  wood,  properties 
are  modified  by  their  relation  to  the  direction  of 
the  grain,  so,  in  crystals  like  Iceland  spar,  we  recog¬ 
nize  a  certain  direction  or  axis  of  symmetry  which 
has  a  similar  influence  on  properties.  The  elasticity 
is  greater  in  a  direction  parallel  to  this  axis  than  it 
is  in  a  direction  perpendicular  to  it.  The  velocity 
with  wliich  light  travels  in  the  crystal  is  tlierefore 
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greater  in  tlie  first  direction  than  in  the  second. 
Light  incident  on  the  spar  divides  into  two  portions 
whose  vibrations  are  respectively  restricted  to  these 
two  directions.  By  dividing  the  crystal  across  the 
principal  axis,  so  that  this  axis  is  perpendicular  to 
the  plane  of  section,  and  interposing  between  the  two 
halves  a  layer  of  Canada  balsam,  one  portion  of 
the  light  is  totally  reflected  (p.  245).  The  index  of 
refraction  of  the  balsam  is  1-53  nearly,  and  the 
ordinary  ray,  if  incident  on  the  balsam  at  an  angle 
exceeding  the  critical  angle,  will  therefore  be  totally 
^reflected.  The  extraordinary  ray  passes  on  and 
emerges  parallel  to  its  direction  before  incidence. 

A  crystal  of  Iceland  spar  modified  in  the  way 
described  is  known  as  a  Nicol  prism.  The  light 
which  has  passed  through  it  is  due  to  transverse 
vibrations  executed  in  one  plane  only,  and  is  said 
to  be  'plane  polarized  light.  Ordinary  light  is  due 
to  transverse  vibrations  executed  in  various  planes. 
The  difference  between  ordinary  and  polarized  light 
is  not  always  apparent.  If  we  look  at  a  source  of 
light  through  one  Nicol  prism,  we  see  nothing  to 
indicate  that  the  light  has  been  altered  by  its  passage 
through  the  Nicol.  If,  however,  we  look  through  a 
seeond  Nieol  at  light  which  has  passed  through  the 
first,  we  soon  become  aware  that  the  light  has  some 
special  properties.  If,  for  instance,  while  looking 
through  the  two  Nicols  we  rotate  the  second  one, 
we  find  that  in  some  positions  much  more  light 
appears  to  come  through  both  Nicols  than  in  others  ; 
indeed,  in  a  complete  revolution  of  the  second  Nicol 
we  find  two  positions  in  which  the  light  is  extin¬ 
guished.  These  positions  occur  when  the  Nicols 
are  erossed  ;  the  plane  of  vibration  in  one  prism  is 
perpendicular  to  that  in  the  other  ;  the  two  positions 
are  separated  by  180°.  If  the  second  Nicol  is  now 
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tuiTKMl  tlii'ougli  li  right  angle  we  obtain  the  maximum 
illumination  because  the  planes  of  vibration  are  then 
jiarallel,  and  the  wave  travels  through  the  second 
as  easily  as  through  the  first.  In  such  a  pair  of 
Nicols  the  first — the  one  nearer  the  source  of  light 
-  is  often  distinguished  as  the  ])olarizer  ;  the  second, 
the  one  nearer  to  the  observer's  eye,  as  the  analyser. 

The  two  together  form  a  polariscope.  For  con¬ 
venience  they  are  often  mounted  at  the  two  ex¬ 


tremities  of  a  brass  tube  t  (Fig.  184)  which  carries, 
at  the  end  where  the  analyser  is  placed,  a  circle 
divided  into  degrees,  etc.  The  brass  mount  in  which 
the  analyser  A  is  fixed  is  provided  with  an  arm  l, 
by  which  it  can  be  rotated  by  the  observer  while 
looking  through  the  tube ;  the  rotation  of  this  arm 
is  indicated  by  an  attached  vernier  which  travels 
round  the  divided  circle  at  the  same  time.  When  a 
transparent  tube  filled  with  distilled  water  is  inter- 
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posed  between  the  two  Nicols,  the  optical  ehects 
described  are  not  altered,  but  when  an  aqueous 
solution  of  glucose  is  substituted  for  the  distilled 
water,  observation  shows  that  a  change  has  occurred. 
It  is  not  possible  now  completely  to  extinguish  the 
light  unless  we  employ  a  monochromatic  light  like 
the  sodium  flame.  If  we  do  this,  and  note  the  posi¬ 
tion  of  darkness  as  indicated  by  the  travelling  vernier 
on  the  scale  of  the  divided  circle,  we  find  that  it  is 
not  the  same  as  before.  To  obtain  darkness  in  the 
second  case  the  analyser  must  be  rotated  through  a 
certain  angle  by  moving  l  in  a  direction  similar  to 
the  hand  of  a  clock. 

We  conclude  that  the  plane  of  polarization  of  tlie 
light  has  been  rotated  in  passing  through  the  solution, 
and  the  analyser  therefore  requires  to  be  rotated 
through  a  corresponding  angle  in  order  that  the 
position  of  darkness  may  again  be  secured.  Sub¬ 
stances  which  produce  this  rotation  are  said  to  be 
optically  active.  If  the  rotation  is  in  the  same  sense 
as  that  of  glucose  they  are  dextro-iotsi,toij ;  if  in 
the  opposite  sense,  Icevo-iotatoxj.  We  find  that  at 
any  temperature  the  angle  of  rotation  varies  with — 

(1)  The  strength  of  the  solution. 

(2)  The  length  of  the  column  of  liquid  through 

which  the  light  passes. 

(3)  The  nature  of  the  substance  in  solution. 

Each  substance  produces,  therefore,  a  specific 

rotation.  For  the  sodium  flame  this  is  represented 
by  [«d],  and  is  referred  to  certain  standard  con¬ 
ditions  : — 

1  grm.  in  1  c.c.  in  a  tube  1  decimetre  long  pro¬ 
duces  [a^]. 

p  grm.  in  100  c.c.  in  a  tube  I  decimetre  long 
produces 
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For  glucose  [a^]  =  52-7°.  If,  therefore,  a  solution 
of  glucose  of  unknown  strength,  when  examined  in 
a  2-decimetre  tube,  produces  an  observed  rotation  n, 
we  have 


2 


a 


X  2^  X  52-7 


100 


from  wliich  we  can  at  once  find  2h  iTe  number  ol 
grammes  of  glucose  per  100  c.c. 

When  the  polariscope  is  employed  especially  to 
determine  the  strength  of  sugar  solutions  it  is  termed 
a  saccharimeter. 

As  it  is  sometimes  inconvenient  to  work  only  by 
sodium  light,  the  polariscope  has  been  adapted  for 
use  with  ordinary  white  light  liy  the  addition  of  a 
thin  plate  of  quartz.  This  substance  also  produces 
rotation.  Some  crystals  are  right-handed  and  some 
left-handed,  and  the  plate  employed  consists  of 
two  halves,  one  right-handed  and  the  other  left- 
handed.  As  white  light  is  composite,  darkness 
cannot  be  secured  for  all  colours  in  one  position. 
Hence  in  most  positions  the  two  halves  show  the 
complementary  colours,  red  and  blue,  and  change 
colours  as  the  analyser  is  rotated.  But  two  positions 
are  found  wdien  both  halves  show  the  same  colour 
and  cannot  be  distinguished — in  one  position  the 
colour  is  a  pale  yellow,  in  the  other  it  is  a  greyish 
violet — the  latter  is  the  one  chosen  for  reference. 
On  either  side  of  this  position  the  transition  tint  is 
immediately  lost,  and  the  two  halves  show  opposite 
complementary  colours.  When  the  instrument  is 
set  in  this  position,  if  a  sugar  solution  is  inserted 
it  will  be  seen  that  the  complementary  colours  have 
again  appeared,  and  the  analyser  must  be  rotated 
through  an  angle,  a,  till  the  transition  tint  is  again 
obtained.  We  can  then  calculate  the  strength  of 
the  solution  as  before,  but  the  specific  rotation  has 
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a  difiereiit  value  when  this  light  is  employed  and  is 
denoted  by  [aj].  For  glucose  [oj]  =  58-3. 

We  should  therefore  in  this  case  have 


a  (observed)  = 
whence  j)  is  found  as  before. 


2  X  p  X  58-3 

Too 


Exeiicises 

1.  The  refracting  angle  of  a  glass  prism  is  60°,  and  the 
angle  of  minimum  deviation  for  sodium  light  passing  through 
it  is  40°.  Calculate  the  refracting  index  of  the  glass,  given 
that  sin  50°  =  0-766. 

2.  A  solution  of  glucose  was  found  to  give  a  rotation  of 
7-3°  when  placed  in  a  2-decimetre  tube  and  adjusted  to  the 
transition  tint.  Calculate  the  percentage  of  glucose  present. 

(For  Answers,  see  p.  389.) 
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CHAPTER  I 
STATIC  ELECTRICITY 

Production  of  Electricity  by  Friction— Induction- 
Electroscope— Conduction — Distribution  of  Electricity 
on  Conductors— Potential — Capacity— Electropliorus 
—Electrical  Machines— Thunderstorms  —  Lightning 
Conductors  —  Condensers  —  Leyden  Jar  —  High- 
Frequency  Currents — Exercises. 

If  a  piece  of  dry  amber,  whicli  has  been  rubbed  with 
a  piece  of  dry  flannel,  be  held  near  small  fragments 
of  paper,  cork,  etc.,  these  light  bodies  will  be  attracted 
by  the  amber,  and  will  move  towards  it.  They 
must,  therefore,  be  acted  upon  by  some  force  in  the 
direction  of  the  amber  (p.  19).  The  phenomenon 
seems  to  have  been  observed  in  very  early  times, 
and  is  mentioned  by  early  classical  rvriters.  It  was, 
howeve:  regarded  by  them  as  peculiarly  characteristic 
of  amber.  Even  now  the  modern  science  of  elec¬ 
tricity  derives  its  name  and  many  technical  terms 
from  electron,  the  Greek  name  for  amber  (ijXeKrpoy), 
and  thus  acknowledges  its  early  origin  in  that 
discovery. 

At  the  close  of  the  sixteenth  century,  William 
Gilbert,  M.D.,*  showed  that  this  attractive  power 
could  be  developed  by  friction  in  many  other  sub- 

*  President  of  the  Royal  College  of  Physicians, 
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stances  besides  amber.  The  scientific  study  of 
electrical  phenomena,  which  may  be  said  to  have 
commenced  with  Dr.  Gilbert,  has  continued  ever 
since.  Nevertheless,  we  are  even  now  unable  to 
answer  the  simple  question,  What  is  Electricity  ? 
We  laiow  that  it  is  not  matter,  for  a  charge  of 
electricity  possesses  neither  weight  nor  extension. 
It  appears,  however,  to  reside  in  matter,  and  can 
be  transferred  from  one  mass  to  another.  W’^e  also 
recognize  two  kinds  of  electricity,  positive  and 
negative.  They  appear  to  be  developed  simul- 


Fig.  185. — Attraction  of  Fig.  180. —Induction, 

pith  ball  by  nibbed 
sealing-wax. 


taneously  in  equal  amounts,  or  possibly  they  are 
separated  from  each  other,  and  so  become  manifest 
to  us,  just  as  we  recognize  tlie  hydrogen  the 
oxygen  which  are  combined  in  water  when  they  are 
separated  from  combination.  Two  opposite  kinds  of 
electricity  attract  each  other,  but  two  cliarges  of 
the  same  kind  repel  each  other.  These  conclusions 
are  suggested  by  many  familiar  experiments. 

If  we  rub  a  stick  of  sealing-wax  or  vulcanite  with 
dry  flannel,  and  then  bring  it  near  a  pith  ball  sus¬ 
pended  by  a  silk  string  (Fig.  185),  the  pith  ball  is  at 
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first  attracted  towards  tlie  stick,  but  after  contact 
with  it  is  violently  repelled.  The  same  phenomenon 
occurs  if  we  rub  a  dry  glass  rod  with  dry  silk  and 
employ  it  in  a  similar  experiment.  If,  however,  we 
])ring  the  rubbed  glass  rod  near  a  pith  ball  which 
has  touched  the  rubbed  sealing-wax,  we  find  that, 
although  the  pith  ball  is  repelled  by  the  sealing-wax, 
it  is  strongly  attracted  by  the  rubbed  glass. 

These  phenomena  are  usually  explained  as  follows  : 
The  friction  of  the  flannel  on  the  sealing-wax  disturbs 
the  normal  electrical  condition  of  both.  Negative 
or  resinous  electricity  is  said  to  be  developed  on  the 
sealing-wax,  and  at  the  same  time  an  equal  amount 
of  positive  electricity  is  developed  on  the  flannel. 
In  a  similar  way,  positive  or  vitreous  electricity  is 
developed  on  the  glass  rod  and  negative  on  the  silk. 

‘Now,  electricities  of  the  same  name,  as  we  have 
seen,  repel,  while  those  of  unlike  names  attract, 
each  other.  The  pith  ball,  by  contact  with  the 
rubbed  sealing-wax,  became  negatively  charged,  and 
therefore  Avas  repelled  by  the  negatively  charged 
wax,  but  strongly  attracted  by  the  positively  charged 
glass  rod.  If  a  rubbed  glass  rod  be  brought  near  a 
metal  cylinder,  mounted  on  a  vulcanite  or  dry  glass 
rod,  the  electrical  equilibrium  of  the  cylinder  is 
disturbed  ;  some  of  its  negative  electricity  is  attracted 
to  the  end  nearest  the  positively  charged  glass  rod, 
and  a  corresponding  quantity  of  positive  electricity 
will  be  repelled  (Fig.  186).  This  process  is  called 
iiidiK’tioii.  If  the  rod  touch  the  cylinder  the 
negative  on  the  cylinder  Avill  neutralize  some  of  the 
positive  on  the  glass,  and  the  cylinder  aauII  remain 
charged  Avith  positive  electricity.  Induction  really 
ahects  tlie  pith  ball  of  Fig.  185,  and  precedes  the 
attraction  of  the  ball  by  the  sealing-AA^ax.  The  four 
stages  of  the  experiment  are  therefore  (1)  induction  ; 
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(2)  attraction  between  the  unlike  charges,  inducing 
and  induced  ;  (3)  contact ;  (4)  repulsion  between  the 
like  charges. 

The  gold-leaf  electroscope  (Fig.  187)  is  a  very  useful 
instrument  for  detecting  charges  of  electricity  deve¬ 
loped  by  friction.  It  consists  of  a  square  box  with 
glass  sides  or  a  round  glass  bell-jar,  in  which  slips 
of  gold  leaf.  A,  a,  are  attaclied  to  a  brass  rod  n, 
which  passes  through  a  thick  vulcanite  collar  d, 
and  ends  in  a  circular  brass  plate  c.  The  plate  and 
leaves  therefore  constitute  an  insulated  metal  con- 


Fig.  187. — GoM-leaf 
electroscope. 


Fig.  188. — Charge  on 
ru})ber. 


ductor  similar  to  that  of  Fig.  186.  Two  strips  of 
tinfoil,  E,  E,  are  cemented  on  the  inside  of  the  case  ; 
the  leaves  touch  these,  and  so  discharge  themselves 
to  earth  if  the  charge  is  too  strong.  If  we  bring  a 
rubbed  glass  rod  into  actual  contact  with  the  plate 
c  (Fig.  187),  some  of  the  charge  is  distributed  to 
the  metal  conductor  and  the  leaves  diverge  with 
positive  electricity ;  but  if  the  rubbed  glass  rod  be 
brought  very  near  without  touching,  as  in  the 
same  figure,  electrical  equilibrium  on  the  metal  is 
disturbed — the  plate  becomes  negative,  while  the 
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leaves  both  become  positive  and  therefore  diverge. 
On  removing  the  charged  rod,  equilibrium  is  restored 
and  the  leaves  collapse.  If,  however,  before  the 
charged  rod  is  removed,  the  plate  be  touched  with 
the  finger,  the  positive  electricity  escapes  to  earth 
and  the  leaves  collapse  ;  but  if  the  glass  rod  be  now 
withdrawn  the  leaves  again  diverge,  because  the 
negative  electricity,  previously  confined  to  c  by 
the  inductive  effect  of  the  glass  rod,  is  now  distri¬ 
buted  over  the  conductor  and  both  leaves  become 
negative.  The  leaves  can,  therefore,  be  charged 
with  electricity  of  the  same  kind  as  the  electrified 
body  by  contact,  or  with  the  opposite  kind  by 
induction. 

C’oiiductsoii.— If  a  brass  tube,  held  in  the  hand, 
be  rubbed  with  flannel,  no  charge  will  be  developed 
on  the  brass.  This  is  due  to  the  fact  that  metals 
conduct  electricity,  which  thus  passes  from  the  brass 
to  the  hand,  and  so,  through  the  body  of  the  operator, 
to  the  earth.  If  the  brass  tube  be  mounted  on  a 
vulcanite  rod,  then,  on  rubbing,  a  charge  will  be 
found  on  the  brass.  Vulcanite,  a  non-conductor, 
insulates  the  brass,  and  the  charge  remains.  A  very 
convenient  method  of  proving  that  a  charge  is 
developed  on  metals  by  friction  is  to  strike  the  brass 
plate  of  the  gold-leaf  electroscope  with  a  feather 
brush.  The  brass  plate  is  insulated  by  the  glass  jar, 
and  the  leaves  diverge.  Water  is  also  a  conductor, 
so  that  if  a  glass  rod  be  damp  it  cannot  be  charged. 
For  this  reason  the  apparatus  employed  in  these 
experiments  must  be  quite  dry. 

Bad  conductors  are  often  called  insulators.  Of 
common  substances,  metals  are  the  best  conductors 
and  paraffin  wax  is  the  best  insulator.  Between 
these  extremes,  other  substances  may  be  arranged  in 
the  following  order  : — 
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Conductors 

N  on-conductors 

Metals 

Indiarubber 

Carbon 

Silk 

Acids 

Glass 

Water 

Shellac 

Ice 

Ebonite 

Marble 

Paraffin  wax. 

l>evelO|>iiieiit  oC  iJuirs'es. — -To  prove  that 
a  charge  is  developed  on  the  rubber,  a  con¬ 
venient  plan  is  to  mount  a  short  c}dinder  of  flannel 
A  (Fig.  188)  inside  a  wietal  tube  b,  bedded  on  a 
block  of  paraffin  wax  d.  If  a  vulcanite  rod  c  be 
twisted  quickly  inside  the  flannel  bag,  the  tin  tube 
in  contact  with  the  flannel  will  be  found  charged 
with  positive  electricity. 

The  sign  of  the  electricity  depends  on  the  nature 
of  the  rubber,  as  well  as  on  the  substance  rubbed. 

Glass  rubbed  with  flannel  becomes  negative,  but  on 
friction  with  silk  it  is  positive. 

The  following  is  a  list  of  substances  arranged  in 
order  so  that  each  becomes  positively  electrified  when 
rubbed  with  any  substance  which  comes  after  it  : 
the  latter,  at  the  same  time,  becomes  negatively 
eiectrified  : — 

(  + 

Cat-skin 
Flannel 
Glass 
Silk 

Dry  hand 
Wood 


Metals 

Indiarubber 

Sealing-wax 

Sulphur 

Gun-cotton 

(  -  ) 


The  charge  of  electricity  developed  on  a  bony 
resides  on  the  surface.  This  can  be  shown  by 
Faraday’s  butterfly  net  (Fig.  189),  the  apex  cf 
which  is  attached  to  two  long  silk  threads.  It  is 
mounted  on  an  insulating  stand  and  charged.  If  a 
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2^roof  'plane,  a  small  piece  of  sheet  metal  on  a  vulcanite 
handle  (Fig.  189),  be  placed  in  contact  with  the 
outside  of  the  net,  and  then  brought  near  an  electro¬ 
scope,  it  will  be  found  to  have  taken  a  small  charge 

from  the  net.  If  the  proof 
plane  be  applied  only  to  the 
inside  it  acquires  no  charge. 
If,  how’ever,  the  net  be  in¬ 
verted  by  pulling  the  silk 
thread,  the  charge  will  again 
be  found  on  the  outside. 

The  same  fact  can  be 
showm  by  charging  an  insu¬ 
lated  brass  sphere,  and 
then  surrounding  it  with 
two  brass  cups  wdth  glass  handles.  On  the  cups 
being  removed  by  their  glass  handles,  they  wdll  be 
found  to  have  the  charge,  none  being  left  on  the 
sphere  (Fig.  190). 

Charges  of 
electricity  may 
be  small  or 
large. —  A  unit 
charge,  wdien 
placed  at  a  dis¬ 
tance  of  1  cm. 
from  a  similar 
and  equal 
charge,  repels  it 
wdth  a  force  of 
1  dyne.  The  Rig.  lyo. — Charge  always  outside. 

t/ 

force  varies  in¬ 
versely  as  the  square  of  the  distance  between  the 
charges,  and  would  be  only  J  dyne  if  they  were  2  cm. 
apart.  The  force  betw^een  a  charge  of  Q  units 
and  another  charge  of  Q'  units  at  a  distance  of  r  cm. 


Fig.  18!). — Proof  plane  and 
Faraday’s  butterfi}’  net. 
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is  therefore 


Q-Q' 


dynes.  If  the  charges  are  unlike, 


the  force  is  one  of  attraction. 

If  a  quantity,  Q,  of  electricity  be  uniformly  distri¬ 
buted  over  a  surface  of  area  S,  then  the  density  of 

the  electricity  on  the  surface  is  The  density  is 


often  not  uniform,  and  Avill  obviously  be  greatest 
at  those  parts  of  a  conductor  where  the  surface 
area  is  most  limited.  Hence  the  charge  tends  to 
accumulate  in  greater  density  romid  sharp  edges  and 
points^  whereas  on  a  sphere  the  density  of  the  charge 
is  uniform  (Fig.  191).  In  fact,  if  a  body  has  any 
sharp  points,  the  electricity  escapes  from  it  so  readily 


that  it  is  impossible  to  charge  it  to  any  great  extent. 
Lightning  conductors  therefore  always,  terminate 
in  sharp  points,  so  that  when  a  positively  charged 
thunder-cloud  tends  to  charge  the  building  by  in¬ 
duction,  the  negative  electricity  escapes  from  the 
pointed  end  so  readily  that  it  prevents  a  charge  of 
any  great  density  accumulating  on  tlie  top  of  the 
building. 

The  wind  produced  by  this  escaping  electricity 
can  be  felt  by  the  hand,  and  demonstrated  by  a 
candle  flame,  which  is  visibly  blown  about  when 
held  in  the  current.  The  discharge  is  utilized  for 
therapeutic  purposes  in  the  l^reeze  ”  treatment 
with  static  electricity  ;  when  a  ])oint  electrode, 
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(‘otuK'cr.cd  witli  ('iirth,  is  bi-ouglit  lu'ar  tin'.  l)()dy  of  a 
paticidi  who  is  seated  on  an.  insulated  platform  con¬ 
nected  with  tlie  positive  knob  of  a  AVimshurst 
machine  (]).  296)  in  use,  he  feels  this  negative  breeze 
as  a  real  breeze  on  the  bare  skin,  or  as  a  ])rickly 
sensation  if  the  surface  approached  is  covered  by 
clothing.  The  treatment  has  been  found  to  be 
valuable  in  the  relief  of  neuritis,  etc. 

i:il  siimI  Just  as  two  vessels 

may  each  contain  the  same  amount  of  water  and 
yet  not  be  equally  full,  so  two  conductors  may  each 
have  the  same  quantity  of  electricity  and  yet  not 
be  charged  to  the  same  degree,  or  potential.  The 


A  X 

(lx 

Fig.  ]!»Z. — To  illustrate  potential. 

conductors,  like  the  vessels,  may  have  different 
capacities.  The  distinction  between  potential  and 
quantity  of  electricity  is  somewhat  analogous  to 
that  between  temperature  and  quantity  of  heat 
(p.  107).  In  the  measurement  of  potential,  the 
potential  of  the  earth  is  usually  chosen  as  zero.  All 
bodies  when  connected  with  the  earth,  or  earthed,” 
liave  therefore  the  same  potential.  The  capacity, 
C,  of  a  conductor  is  the  quantity  of  electricity  required 
to  charge  it  to  unit  potential.  The  quantity,  Q, 
required  to  charge  it  to  a  potential  of  V  units  is 
therefore  D  X  F,  so  that  the  charge,  capacity,  and 
potential  are  connected  by  the  relation 

Q  =  C  V 

The  potential  at  a  point  a  (Fig.  192),  due  to  a  charge 
Q  situated  at  the  point  o,  is  measured  by  the  work 
done  in  bringing  a  unit  of  electricity  from  an  infinitely 
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distant  point  to  the  point  a  against  tlic  repelling 
electric  force  due  to  Q.  When  the  unit  charge  is 

at  X,  if  o  X  =  ic  cm.,  this  repulsive  force  is  ^  ^ 


dynes  (p.  293).  If  we  suppose  the  force  to  keep 
this  value  while  the  unit  charge  is  moved  through 
the  very  small  distance  dx,  we  know  that  the  work 


done  in  this  movement  is 


(>  X  I 


X'^ 


X  dx  (p.  27). 


The  total  work  done  in  coming  from  infinity  to  a 
is  the  sum  of  a  series  of  terms  like  this,  and  can  be 

Q 

shown*  to  be  equal  to 

In  the  case  of  a  spherical  conductor,  of  radius  i^, 
which  has  a  charge  Q,  the  potential  at  the  centre 

Q 

due  to  the  whole  charge  will  evidently  be  But 

this  will  be  the  potential,  F,  of  the  whole  conductor, 
as  there  is  no  force  inside  a  closed  conductor.  There¬ 
fore  for  the  sfhere^  V  ^ 


ir 


or 


Q  =  RV 

but  we  have  seen  that  for  any  conductor  (p.  294) 

Q  -  0  V 

therefore,  for  the  S'phere, 

C  =  R 

or  the  capacity  of  a  sphere  is  measured  by  its  radius. 
EleetcophorMS,  —  This  instrument  (Fig.  193) 

1*0  A 

the  notation  of  the  integral  calculus  it  is  Q  \ 


dx 

00  X- 


k> 


L  X  Jac  LOA  00  J 


Q 


-1  - 

L  OA  J 


OA 
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:I 


Aft-er  Douching 


usually  consists  of  ii  Hal  circular  plate,  the  “  sole,'’ 
made  of  vulcanite  or  other  non-conducting  material, 

and  coated  on  the  under¬ 
side  with  tinfoil.  On  this 
sole  rests  a  somewhat  smaller 
plate  of  brass  furnished  with 
a  glass  or  vulcanite  handle. 
The  sole,  when  struck  with  fur 
or  cat-skin,  becomes  charged 
with  negative  electricity.  The 
brass  plate  is  now  placed  on 
the  vulcanite,  which  it  only 
touches  at  a  tew  separate 
j>oints,  and  induction  therefore 
occurs  (Fig.  193,  1).  When 
the  lirass  jilate  is  touched  and 
“  earthed  ”  the  repelled  nega¬ 
tive  electricity  escapes  (2),  and 
the  brass  plate,  when  lifted  (3) 
by  the  insulating  handle,  is 
found  to  be  charged  with  posi¬ 
tive  electricity.  A  small  spark 
may  be  obtained  from  it  on  pre¬ 
senting  the  knuckle,  or  it  may  be  used  to  light  a  gas 
burnei*.  As  the  plate  touches  the  sole  in  relatively 
few  points,  the  charge  on  the  sole  remains  almost 
undiminished,  and  the  plate  can  be  recharged  many 
times  by  repeating  the  above  process. 

One  of  the  best  machines  for  producing  elec¬ 
tricity  by  friction  and  induction  is  the  Wjiiii^liiirst 
iiiacliiiie  (Fig.  194).  In  this  machine,  at  least 
two  thin  circular  plates  of  vulcanite,  or  glass,  are 
mounted  so  as  to  rotate  in  opposite  directions. 
On  the  surface  of  the  plates  are  cemented,  at 
regular  intervals,  tongues  of  tinfoil  B  b,  which,  as 
tliey  ]-otate,  touch  the  lirass  brushes  a  a.  cc  are 
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two  U -shaped  rods  of  metal,  the  sides  of  which 
towards  the  plate  terminate  in  a  sharp  edge  or  in 
points.  The  brushes  a  a  are  connected  by  a  brass 
rod  D.  The  second  vulcanite  plate  is  similarly  fitted. 

The  action  can  be  explained  with  the  help  of  the 
next  diagram  (Fig.  195).  For  the  sake  of  simplicity 
the  discs  are  shown  as  cylinders  revolving  in 
opposite  directions.  A  small  charge  of  negative 
electricity  is  developed  by  the  friction  of  the 
brushes  on  one  of  the  tongues  of  tinfoil  a  ;  this 
acts  by  induction  on  the  opposite  tinfoil  b  of  the 
other  vulcanite  plate.  As  b  rotates  to  the  left  it 
touches  brush  c,  and  the  negative  electricity,  repelled 
by  induction,  passes  over  and  charges  d  with  negative. 
B,  remaining  positive,  rotates  until  it  comes  opposite 
the  U-shaped  piece  x,  when,  acting  by  induction, 
it  draws  off  negative  electricity  from  the  sharp 
spikes  of  X,  and  repels  positive  electricity  to  the 
rounded  knob  in  which  x  terminates.  The  positive 
charge  on  b  is  neu¬ 
tralized  by  the  nega¬ 
tive  charge  from  the 
spikes.  Passing  on, 
after  neutralization,  b 
becomes  subject  to 
induction  from  E,  and 
when  it  touches  the 
brush  D  positive  elec¬ 
tricity  passes  over  by 

the  brush  l)  tbiough  |<J4  plate  of  Wiiusluust 

the  cross-wire  to-  c.  niaehiuo. 

If  we  trace  the  pro¬ 
gress  of  a  tinfoil  tongue  on  tiie  other  disc,  say  a, 
which  is  negative  when  it  arrives  at  the  U-shaped 
piece  connected  with  y,  it  drarvs  off  f  from  y, 
and  becomes  neutral,  while  negative  electricity  is 

K* 
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repelled  to  the  terminal  knob  of  y.  a  is  subse¬ 
quently  exposed  to  induction  at  f,  and  when  it 
touches  the  brush  G  the  negative  electricity  is  repelled 
over  to  H,  and  so  on. 

It  will  be  noticed  that  the  tongues  of  tinfoil  on  the 
upper  half  of  the  outer  cylinder  are  constantly  posi¬ 
tive,  and  those  on  the  inner  cylinder  negative,  the 
reverse  being  the  case  in  the  lower  half.  The  result 


Fig.  195. — tVimshiirst  macliine.  {After  Si/vanus  Thompson, 

“  Manual  of  Electricity. 

is  that  X  is  constantly  being  drained  of  negative 
electricity,  and  y  of  positive,  so  that  a  charge  of 
positive  electricity  accumulates  on  the  knob  x  and 
negative  on  y  until  a  spark  crosses. 

The  machines  used  for  medical  treatment  (p.  293) 
are  fitted  with  more  than  one  pair  of  plates,  and 
generally  have  from  four  to  six  pairs  ;  the  first  and 
last  plates  revolve  independently,  but  the  inter¬ 
vening  plates  arc  grouped  in  twos,  each  group  re- 


CHAP.  I]  THUNDERSTORMS  299 

volving  in  the  opposite  direction  to  the  group,  or 
])late,  on  either  side  of  it  ;  we  shall  therefore  have, 
with  eight  plates,  three  groups  and  the  two  ter- 
niinal  plates,  and  shall  require  five  driving  bands, 
the  alternate  ones  being  crossed.  Such  a  machine 
is  conveniently  driven  by  an  electromotor  of  J  h.p. 
to  I  h.p.  The  length  of  the  spark  is  some  indication 
of  the  voltage  or  potential  diherence  of  the  machine, 
and  is  influenced  by  the  dimneter  of  the  plates,  which 
should  be  from  30  in.  to  36  in.  ;  the  total  output 
of  electricity,  and  therefore  the  frequency  and 
volume  of  the  s])ark,  is  influenced  by  the  mimher  of 
the  plates.  The  speed  of  revolution  of  course  affects 
both  voltage  and  output. 

Tluiiiderstorms.— The  cause  of  the  electricity  in 
the  air  is  not  known.  It  may  be  due  to  the  friction 
of  air,  or  when  aqueous  vapour  condenses  to  water 
some  of  the  energy  may  take  the  form  of  electricity. 
The  clouds  are  usually  positive,  but  in  wet  weather 
may  be  negative.  The  electrical  state  of  the  air  is 
ascertained  by  allowing  water  to  drop  from  a  care¬ 
fully  insulated  can.  If  the  air  be  negative  it  draws 
positive  from  the  drops  of  water  and  the  can  until 
the  can  is  at  nearly  the  same  potential  as  the  air. 

Franklin  first  demonstrated  that  lightning  was  due 
to  an  electrical  discharge,  by  flying  a  kite  during  a 
thunderstorm  at  Philadelphia,  in  June,  1752.  At 
first  he  could  get  no  sparks,  the  dry  silk  thread 
which  held  the  kite  being  a  non-conductor ;  but 
when  the  raiji  fell  and  the  string  became  wet,  plenty 
of  sparks  could  be  obtained  by  presenting  his  knuckle. 
In  1753  Richmann  was  hulled  while  making  a  similar 
experiment  at  St.  Petersburg. 

The  lightning  may  pass  between  clouds  charged 
vvith  opposite  kinds  of  electricity,  or  between  a 
charged  cloud  and  the  earth  bv  induction. 
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coiKlMctors.— It  is  usual  to  protect 
buildings  by  lightning  conductors.  These,  as  we 
have  seen  (p.  293),  should  end  in  points.  The  effect 
of  points  in  preventing  the  charging  of  a  surface  is 
well  shown  by  the  following  experiment :  A  head 
of  hair  on  a  doll’s  head  is  connected  with  a  machine 
and  electrified,  when  it  will  be  seen  that  the  hairs  all 
repel  each  other  and  stand  out  like  a  brush.  If  a 
knuckle  be  presented  to  them  they  are  all  attracted, 
but  if  the  point  of  a  needle  be  held  to  them  they  are 
all,  as  it  were,  blown  away.  The  electricity  of  the 
opposite  name  escapes  so  readily  that  the  hairs  are 
surcharged  with  electricity  of  the  same  name,  and 
so  are  repelled. 

Lightning  conductors  should  therefore  ejid  in 
points,  preferably  gilded,  and  should  be  connected 
by  stout  iron  or  copper  rods  with  the  earth.  If  the 
earth  is  not  damp  where  the  rod  enters  the  soil,  the 
end  of  the  conductor  should  be  buried  in  a  pit  tightly 
packed  with  coke.  All  masses  of  metal,  lead  roofs, 
pipes,  etc.,  should  be  in  metallic  connection  with  the 
conductor  so  as  to  neutralize  induction. 

The  retiirii  slio<‘k  is  a  curious  phenomenon  by 
which  people  have  been  killed  by  electricity  when  no 
thunderstorm  has  taken  place  in  the  immediate 
vicinity.  A  cloud  cliarged  wit1i  (say)  negative 
electricity  extends  for  some  distance,  and  subjects 
the  l)uilding  a  (Eig.  196)  to  induction,  but  the  dis¬ 
tance  is  too  great,  for  a  fia.sh  to  strikt‘.  across.  A 
thunderstorm  is  raging  at  n,  and  the  cloud  is  dis¬ 
charged  by  striking  to  earth  there,  and  the  restor¬ 
ation  of  A  to  its  normal  electrical  state  may  be  so 
sudden  and  violent  as  to  produce  fatal  results. 

The  coude8isei%— By  means  of  induction  the 
capacity  of  a  conductor  may  be  greatly  increased. 
Apparatus  by  whicJi  tliis  is  effected  constitutes  4 
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condenser.  It  inclndes  (1)  an  insulated  conductor 
to  whicli  the  charge  is  given  ;  (2)  a  conductor  con¬ 
nected  with  earth  ;  (3)  a  dielectric  or  non-conducting 
medium  between  (1)  and  (2). 

If  we  mount  a  circular  brass  plate  on  a  glass  stand, 
and  present  to  it  a  charged  electrophorus  plate,  a 
spark  will  pass.  If  we  repeat  this  two  or  three  times 
we  shall  find  that  no  spark  will  pass,  indicating  that 
the  plate  is  fully  charged.  If  against  this  plate  we 
place  a  thin,  slightly  larger  sheet  of  glass  a  (Fig.  197), 
and  on  the  other  side  a  second  brass  plate  connected 


Fig.  196. — Retui-11  lightning  shock. 


ivith  the  earth  by  a  wire,  we  shall  find  that  the  capacity 
of  the  brass  plate  is  enormously  increased.  The 
electrophorus  plate  is  charged  with  positive  electricity, 
and  charges  b  with  positive  ;  this  acts  by  induction 
tiirough.the  glass  plate  attracting  negative  electricity 
to  the  near  side  of  c.and  repelling  positive  electricity 
to  the  earth.  Hence  b  has  practically  no  free  charge, 
and  can  therefore  receive  another  quantity  from  the 
electrophorus,  and  this  in  its  turn  is  similarly  neu¬ 
tralized  and  held  at  the  face  of  a  by  the  process 
of  induction.  So  the  action  goes  on  until  we  have 
comparatively  enormous  charges  of  -f-  and  —  on  the 
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plates  B  and  c,  attracting  eacli  other  powerfully, 
but  prevented  from  combining  by  the  intervention 
of  a  dielectric,  the  plate  of  glass. 

''■lie  I.eydeii  jar.— The  action  of  this  form  of  con¬ 
denser  was  discovered  by  accident  by  a  philosopher 
of  tlie  eighteenth  century,  who,  wishing  to  electrify 
water,  took  a  bottle  of  water  and,  holding  it  in  his 
hand,  placed  in  it  a  chain  from  the  prime  conductor 
of  an  electrical  machine.  After  working  the  machine 
for  some  time,  as  apparently  nothing  had  happened 
he  proceeded  to  lift  out  the  chain,  when  he  received 


a  severe  shock.  The  water  represented  the  insulated 
conductor,  the  hand  was  the  earth-connected  con¬ 
ductor  ;  the  bottle  was  the  dielectric. 

The  Leyden  jar  (Fig.  198)  consists  of  a  glass  bottle 
or  jar  A,  Avhich  is  lined  below  with  tinfoil  on  both 
sides.  The  upper  portion  of  the  jar,  for  about  two 
inches,  is  free  from  tinfoil  and  carefnlly  lacquered 
with  shellac  varnish.  A  circular  piece  of  varnished 
wood  rests  on  the  top  of  the  jar  b,  and  from  the 
centre  of  it  passes  a  brass  rod  c,  ending  in  a  knob  d. 
Internally,  c  is  connected  with  the  inside  coating 
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of  tinfoil  by  a  brass  cliain  e.  The  outside  coating 
rests  on  the  table,  so  that  it  is  connected  with  the 
earth.  The  knob  D  is  connected  with  an  electrical 
machine  and  the  inner  coating  is  thus  charged  with 
(say)  negative  electricity  ;  this  acts  by  induction  on 
the  outer  coating,  attracting  positive  electricity 
towards  the  glass  and  repelling  negative  to  the  earth. 
Powerful  charges  of  opposite  kinds  thus  accumulate  on 
opposite  sides  of  the  glass  dielectric,  and  when  the 
two  coatings  are  connected,  as  in  Fig.  198,  by  a 
discharger  with  a  glass  handle,  a  bright  flash  passes. 
If  the  discharger  be  presented  a  second  time  a 
much  smaller  spark  will  pass. 

The  jar  cannot  be  charged  if  placed  on  a  glass 
support  unless  the  knob  is  connected  to  earth.  The 
functions  of  outer  and  inner  coating  are  then  reversed. 
The  charges  are  really  on  the  two  surfaces  of  the 
glass,  as  can  be  shown  by  having  the  two  metal 
coatings  movable  and  made  of  tinplate  instead  of 
tinfoil.  The  brass  rod  c  is  surrounded  by  a  glass 
tube,  so  that  it  can  be  lifted,  and  with  it  the  internal 
coating,  which  is  soldered  to  it,  without  getting  a 
shock.  The  jar  having  been  charged  as  usual,  the 
inside  coating  is  lifted  out  by  the  glass  tube,  then 
the  glass  jar  is  removed  from  the  outside  tin  can, 
and  the  two  coatings  are  made  to  touch  each  other 
so  as  to  discharge  any  free  electricity.  On  the 
jar,  etc.,  being  replaced,  and  the  two  coatings  brought 
into  contact  by  a  discharger,  a  flash  will  pass. 
If  Q,  C,  V  represent  the  charge,  capacity,  and 
potential  of  the  inner  coating,  the  energy  of  the  dis¬ 
charge  is  j  o.y^. 

Leyden  jars  can  be  coupled  together  to  form 
batteries,  either  by  placing  them  in  a  box  and  coup¬ 
ling  all  the  inner  coatings  together  by  brass  rods, 
or  by  placing  each  of  them  on  an  insulated  support 
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and  connecting  the  inner  coating  of  one  with  the 
outer  coating  of  the  next,  the  outer  coating  of  the 
last  jar  being  “  earthed/’  This  latter  method  is 
called  coupling  in  “  cascade.” 

A  Leyden  jar  can  be  discharged  slowly  (Fig.  199) 
by  a  ball  a  suspended  by  a  silk  thread  oscillating 
between  the  knob  and  some  object,  as  a  bell,  con¬ 
nected  with  earth.  Indeed,  the  spark  itself  is  not 
the  single  discharge  it  appears  to  be,  but  is  really 

a  succession  of  exceedingly 
rapid  oscillatory  discharges, 
the  period  of  oscillation  being 
sometimes  but  a  fraction  of 
a  micro-second. 

The  duration  of  the  whole 
spark  is  about  -aTnuolF  of  a 
second ;  the  period  of  a  single 
oscillation  is  perhaps  one- 
twentieth  of  this.  The  dura¬ 
tion  of  a  flash  of  lightning  is 
about  Youoolli  of  a  second,  so 
that  death  by  lightning  is 
practically  instantaneous  and 
a  person  never  really  sees  the 
flash  which  kills  him ;  he  is 
dead  before  the  brain  has  time 


Fig.  199. — Slow  discharge 
of  Leyden  jar. 


to  translate  the  image  on  the  retina  into  vision. 

The  velocity  of  the  discharge  of  a  jar  through 
copper  wire  has  been  given  as  288,000  miles  per 
second.  This  oscillating  discharge  is  the  source 
of  hig:h=frequency  currents,  sometimes  employed  in 
medical  practice.  For  this  purpose  the  inner  coat¬ 
ings  of  two  large  jars  are  attached  to  the  terminals 
of  a  large  induction  coil  (p.  379)  ;  the  outer  coatings 
are  connected  by  a  helix  or  solenoid  having  a  few 
turns  of  thick  copper  wire,  or  tubing — for  this  high- 
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potential  electricity  keeps  mainly,  like  static  charges, 
on  the  surface  of  conductors.  The  working  of  the 
coil  results  in  the  usual  sparks  across  the  gap  pro¬ 
vided  between  the  knobs  of  the  jars,  but,  simulta¬ 
neously,  oscillating  currents  of  high  frequency,  and  of 
voltage  100,000  or  even  more,  circulate  in  the  helix, 
and  also  in  any  derived  parallel  circuit  in  which 
the  patient  may  be  included.  The  propagation  of 
similar  oscillations  in  the  ether  gives  rise  to  the 
Hertz  waves  and  makes  possible  wireless  telegraphy  ; 
the  oscillations  vary  widely  in  frequency  (n)  and 
in  wave  length  (X),  but  n  X  =  3  X  10^'^  cm.  per  sec., 
which  is  practically  the  velocity  of  light. 

The  Atlantic  cable  and  all  submarine  cables  act 
as  Leyden  jars.  The  copper  wire  represents  the 
inside  coating,  the  gutta-percha  and  other  insulat¬ 
ing  material  the  glass  jar,  and  the  ocean  the  outer 
coating ;  so  that  it  takes  a  sensible  interval  of 
time — one  second  or  so — to  charge  a  long  cable 
before  any  electrical  disturbance  is  noted  at  the 
other  end. 

The  capacity  of  a  condenser  of  any  given  form 
depends  upon— 

(1)  The  surface  area  of  the  plate. 

(2)  The  thickness  of  the  dielectric :  the 
thinner  the  dielectric,  the  greater  the 
capacity. 

(3)  The  nature  of  the  dielectric  :  each  sub- 
tance  has  its  S'pecific  inductive  capacity. 

The  capacity  of  the  plate  condenser  of  Fig.  197  is 
S 

h  X  1 — when  S  is  the  area  of  the  face  of  b, 
47r  t 

t  is  the  thickness  of  a,  and  k  is  the  specific  inductive 
capacity  of  the  substance  of  which  a  is  made. 
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Unit  of  capacity.— The  unit  of  capacit}^,  &  farad, 
is  the  capacity  of  a  condenser  which  is  charged  by 
1  coulomb  (p.  339)  to  a  potential  of  1  volt  (p.  342). 
The  corresponding  absolute  C.G.S.  electro-magnetic 
unit  of  capacity  is  equal  to  10®  farads  (pp.  338, 
352).  The  farad  is  inconveniently  large,  and  the 
7nicrofarad,  one-millionth  of  a  farad,  is  commonly 
employed  in  practice. 


Exercises 

1.  Calculate  the  force  between  two  electric  charges,  of 
10  units  and  20  units  respectively,  separated  by  a  distance 
of  1  metre. 

2.  If  a  charge  of  100  units  is  uniformly  distributed  over 
the  surface  of  an  insulated  spherical  conductor  of  diameter 
4  cm.,  what  is  (i.)  the  surface  density  of  the  charge,  (ii.)  the 
surface  potential  ? 

8.  Calculate  the  capacity  of  a  plate  condenser  (Fig.  197) 
if  the  plate  b  is  circular  and  has  a  diameter  12  cm.,  the 
dielectric  glass  of  thickness  1-5  mm.,  and  the  specific  in¬ 
ductive  capacity  of  the  glass  8. 

4.  When  the  plate  condenser  of  the  previous  example  has 
a  charge  of  8  units,  what  is  the  potential  of  the  plate  b,  and 
what  energy  would  be  liberated  by  the  discharge  of  the 
condenser  ? 

.7.  What  is  the  potential  at  a  point  p  due  to  a  charge  of 
10  units  situated  at  a  distance  of  1  metre  ? 

(For  Answ^ers,  see  p.  390.) 


CHAPTER  II 
MAGNETISM 

Magnets,  Natural  and  Artificial — Magnetic  Field — Lines 
of  Force — Magnetic  Induction — Terrestrial  Magnetism 
— Declination  —  Inclination  — -  Magnetometer  —  Dip 
Circle — Exercises. 

There  is  so  mucli  resemblance  between  the  pheno¬ 
mena  of  electricity  and  those  of  magnetism  that  we 
cannot  study  the  one  without  reference  to  the  other. 
In  Gilbert’s  day  the  relationship  was  clearly  recog¬ 
nized,  though  even  now  it  is  not  fully  understood. 

The  term  magnetism  has  been  derived  from 
Magnesia,  in  Lydia,  where  the  lodestone,  a  magnetic 
oxide  of  iron  (Fe304),  was  found  in  classical  times. 
This  oxide  of  iron  has  the  power  of  attracting  iron 
filings,  and  if  cut  and  suspended  in  a  suitable  manner 
will  point  nearly  north  and  south.  If  such  a  lode- 
stone  be  placed  underneath  a  thin  sheet  of  paper 
and  iron  filings  be  sprinkled  on  the  paper,  it  will  be 
observed  that  the  filings  chiefly  cluster  round  two 
spots,  one  at  each  end  of  the  lodestone,  where  the 
magnetic  force  seems  concentrated.  These  spots 
are  termed  the  foles  of  the  magnet.  The  one  wliich 
points  to  the  north  when  the  magnet  is  suspended 
is  called  the  north-seeking  or,  more  shortly,  the  north 
pole,  and  in  steel  magnets  is  usually  marked  with  a 
file  mark  or  stamped  with  an  N  ;  the  other  end  is 
the  south  pole. 

If  a  needle  be  drawn  lengthwise  over  the  north  pole 
of  a  magnet,  the  end  which  leaves  it  last  becomes  a 
south  pole.  If  the  needle  be  afterwards  thrust  through 
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a  piece  of  cork  and  floated  on  water,  it  will  point 
north  and  south.  If  a  second  needle  be  magnetized, 
the  following  experiments  can  be  made  :  The  north 


Pig.  200. — Lilies  of  force,  N.  mid  S.  (Diagrammatic.) 


pole  of  one  needle  being  presented  to  the  north  pole 
of  the  needle  floating  on  the  water,  it  will  be  seen 
that  the  two  north  poles  repel  each  other,  and  that 


the  two  south  poles  also  repel  each  other,  but  that 
the  south  pole  attracts  the  north  pole,  and  vice  versa. 
The  same  effects  may  be  observed  witli  a  steel  magnet 
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and  a  compass  needle.  As  Avas  the  case  with  electric 
charges  (p.  287),  like  repel  and  unlike  attract. 

lAiies  of  force.— The  space  Avhich  surrounds  a 
magnet  is  termed  the  magnetic  -field.  This  magnetic 
field  is  traversed  by  lines  of  force,  which  can  be 
rendered  visible  by  scattering  iron  filings  over  a 
magnet  placed  under  a  sheet  of  paper.  The  lines 
indicate  the  direction  in  which  the  magnetic  force 
acts  at  any  point  of  the  field.  If  we  place  a  north 
opposite  a  south  pole,  the  lines  resemble  those  in 
Fig.  200.  If  Uvo  north  or  two  south  poles  face  each 
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Fig.  202. — Bar  magnets.  Fig.  20o. — Magnetic 

induction. 

otiier,  the  lines  present  the  appearance  shown  in 
Fig.  201.  Magnets  may  be  in  the  form  of  bars,  in 
which  case  they  are  usually  made  in  pairs  and  kept 
.in  a  box  with  the  nortli  pole  of  one  opposite  the 
south  pole  of  the  other,  and  a  piece  of  soft  iron, 
called  a  keeper,  at  eacli  end  (Fig.  202).  Sometimes 
tlie  bar  is  bent  into  tlie  w('ll-kno\vn  liorseshoe  form, 
which  also  lias  a  keeper.  The  keeper  serves  to 
concentrate  the  lines  of  force  and  prevent  loss  of 
magnetism. 

i^Iatfiictic  iiKiiii'l ion.  -Like  electricity,  magnet¬ 
ism  can  be  induced  in  a  magnetic  substance.  A  piece 
of  soft  iron  wire  is  not  necessarily  a  magnet..  It  does 
]\ot  attract  another  piece  of  soft  iron.  If,  however, 
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it  be  brought  near  the  north  end  of  a  bar  magnet  it 
becomes,  for  the  time,  a  magnet,  the  end  nearest  the 
bar  magnet  being  a  south  pole  and  the  lower  end 
a  north  pole.  If  a  second  piece  of  iron  wire  be 
brought  into  contact  with  the  lower  end  of  the  first, 
it  also  becomes  a  magnet,  and  so  on  (Fig.  203).  All 
the  pieces  of  iron  wire  will  fall  if  the  south  pole  of 
a  second  magnet  be  brought  over  the  north  pole  of 
the  first.  Directly  the  pieces  of  iron  wire  are  removed 
from  the  magnet  they  lose  their  magnetism  (c/. 
Electrical  Induction,  p.  288),  so  that  if  the  top  one 
be  detached  from  the  magnet  the  chain  spontaneously 
falls  to  ])ieces. 

If  a  piece  of  hard  steel  wire  be  brought  near  the 
pole  of  a  magnet,  it  is  at  first  not  so  powerfully 
attracted  as  the  soft  iron,  but  when  it  has  been  in 
contact  a  short  time,  especially  if  it  be  drawn  over 
the  magnet,  it  will  be  found,  on  withdrawal,  to  be 
permanently  magnetic.  It  seems  as  if  more  energy 
were  required  to  twist  the  molecules  of  the  steel 
into  the  position  proper  to  a  magnet,  but  when  once 
set  in  that  position  they  retain  it,  whereas  the  mole¬ 
cules  of  the  soft  iron  do  not.  This  is  attributed  to 
the  coercive  force  of  steel.  Other  substances  besides 
iron  are  susceptible  of  magnetic  influence  in  a  lesser 
degree,  and  sometimes  of  an  opposite  character.  A 
bar  of  nickel  or  cobalt,  for  instance,  suspended  between 
the  poles  of  a  horseshoe  magnet  tends  to  set  itself 
lengthwise  from  pole  to  pole  ;  a  bar  of  bismuth, 
antimony,  or  copper,  on  tlie  other  hand,  tends  to 
set  itself  at  right  angles  to  this  direction.  Iron, 
nickel,  etc.,  are  therefore  called  pam-magnetic  sul)- 
stances,  while  copper,  etc.,  are  called  dm-magnetic. 

Effect  ot  breaking-  a  mag-net.— If  a  magnetized 
needle  be  broken  in  lialf,  each  half  v\dll  be  found 
to  be  a  magnet.  On  again  breaking  each  half,  four 
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magnets  are  obtained  (Fig.  204).  In  this  respect 
magnetic  differs  from  electrical  induction.  As  we 
have  seen,  positive  electricity  can  be  isolated  on  one 

N  S  N  S 
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Fig.  204. — Effect  of  breaking  a  magnet. 

conductor  and  negative  on  another ;  but  no  one 
has  yet  separated  north  from  south  magnetism. 

The  magnetic  force  can  be  exerted  through  glass 
and  many  other  substances.  At  a  red  heat  all 
magnetism  is  lost.  The  student  must  be  careful  to 


distinguish  between  (1)  a  piece  of  magnetic  substance 
and  (2)  a  magnet :  (1)  is  only  attracted  by  either 

pole  of  a  magnet,  (2)  is  both  attracted  and  repelled, 
each  extremity  showing  opposite  behaviour  when 


KLEOTRICITY  AND  MAGNETISM  [part  v 

presented  to  either  pole  of  a  second  magnet.  Repul¬ 
sion  is  therefore  the  true  test  for  a  magnet. 

Tlie  eai’th  a  iiia^ji'iiet. — If  a  small  bar  magnet, 
placed  on  cork,  be  allowed  to  float  freely  on  water, 
and  be  not  influenced  by  another  magnet,  it  will 
behave  like  a  compass  needle  and  point  nearly  north 
and  south.  When  at  rest  the  magnetic  axis  lies  in 
the  plane  of  the  magnetic  meridian  (p.  311)  of  the 
place.  If  turned  into  any  other  position,  the  magnet 
when  released  will  always  return  to  the  position  of 
rest.  The  force  which  causes  it  to  do  so  is  that  of 
terrestrial  magnetism.  The  earth  is  itself  a  magnet. 
The  magnetic  poles,  s'  (Eig-  205),  do  not  coincide 
with  the  geographical  poles,  N,  s,  but  the  magnetic 
axis,  like  tlie  geographical  axis,  passes  through  the 
earth’s  centre,  c.  Moreover,  just  as  the  geographical 
meridians  on  the  earth’s  surface  are  great  circles 
whose  common  iliameter  is  n  o  s,  so  the  magnetic 
meridians  are  similar  great  circles  wliose  common 
diameter  is  x'  c  s'.  At  any  place  p  (Fig.  205)  on 
the  earth’s  surface,  these  two  meridians  will  evidently 
intersect  at  a  certain  angle.  This  angle  is  called  the 
<lecliiiati<»ii  of  the  place  p,  and  is  often 
denoted  by  If  at  p  we  draw  a  tangent  to  the 
circle  x'  p  s'  and  also  a  tangent  to  the  circle  x  p  s, 
the  angle  ])etween  these  two  tangents  will  be  S. 
The  direction  of  the  first  tan^-ent  is  the  direction  in 

O 

which  all  com])ass  needh's  at  P  will  p(hnt.  At  London 
the  value  of  -i)  i]i  DU  was  about  1()°  West;  x' 
therefore  lies  to  this  exL'nhto  ihe  west  of  N  (Fig.  205), 
but  appears  from  the  observations  recorded  in  the 
table,  on  p.  313  to  be  gradually  moving  in  an  easterly 
direction  and  approaching  x.  If  we  regard  the 
magnetic  axis  as  executing  a  slow  vibration,  it  is 
clear  that  only  a  portion  of  the  complete  period 
has  yet  been  observed. 
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TABLE  OE  VABIATIONS  IN  DECLINATION  * 


Year 

Declination  (5) 

1 

1  Year 

Declination  (5) 

1580 

lU  15'  E. 

1860 

21°  38*9'  W. 

1622 

6°  0'  „ 

1865 

20°  58*7'  „ 

1657 

0»  0'  „ 

1870 

20°  18*3'  „ 

1672 

2°  30'  W.  : 

1875 

19°  35*6'  „ 

1692 

6°  0'  „  I 

1880 

18°  52*1'  „ 

1795 

23°  57'  „ 

1890 

17°  50*6'  „ 

1805 

24°  8'  „  I 

1900 

16°  52*7'  „ 

1820 

24°  34'  „ 

1 

! 

1905 

16°  32*9'  „ 

Before  1860  the  values  in  tlie  above  t-able  refer  to 
different  places  in  tlui  south-east  of  England,  but 
may  be  taken  as  nearly  true  of  London.  From  1860 
onwards  they  refer  to  Kew. 

The  compass  or  declination  needle  is  mounted  on 
a  vertical  axis  and  rotates  about  this  axis  in  a  hori¬ 
zontal  plane.  The  force  which  directs  its  motion 
is  the  horizontal  component  of  the  earth’s  magnetic 
force,  and  is  generally  denoted  by  H.  It  acts  upon 
a  magnet  pole  of  unit  strength  with  a  force  of  about 
0*185  dynes  at  the  present  time  in  London.  As  the 
force  produces  rotation  and  not  translation,  it  is 
evidently  a  couple  (p.  46).  The  magnitude  of  the 
force  has  undergone  a  gradual  increase,  amounting  to 
nearly  0*01  in  the  last  fifty  years.  The  values  at 
intervals  during  that  period  are  given  in  the  table 
(p.  316). 

Iiicliiiatioii.— Unlike  the  compass  needle,  the  dip 
needle  is  so  mounted  that  it  can  turn  freely  in  a 

The  values  in  the  table  are  quoted  from  the  “Encyclopaedia 
Britannica,”  11th  ed.,  1911. 
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vf'i'fical  plane  aLont  a  lioiizoiital  axis  wliicli  passes 
<  lirougli  the  centre  of  gravity  of  the  needle.  When 
placed  in  the  magnetic  meridian  at  London,  this 
needle  does  not  rest  in  a  horizontal  position.  The 
north  end  dips  downwards  and  the  line  joining  the 


poles  is  inclined  to  the  horizon  at  an  angle  of  nearly 
07°  (Fig.  206).  This  is  termed  the  dij?  or  mclination  (6). 
At  the  magnetic  north  pole  the  dip  is  90°  ;  the  needle 
is  vertical.  At  the  magnetic  equator  it  is  horizontal, 
there  is  no  dip.  As  we  travel  southwards  the  south 
end  of  the  needle  dips  downwards. 
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These  effects  can,  be  reproduced  ].)y  passing  a 
dipping  needle  along  a  bar  magnet  (Fig.  207).  The 
earth  thus  behaves  like  a  huge  magnet.  The  down¬ 
ward  dip  or  vertical  rotation  is  produced  by  the 
vertical  component,  F,  of  the  earth’s  magnetic  force. 
This  is  also  a  couple.  If  the  vertical  plane  in  which 
the  magnet  moves  be  at  right  angles  to  the  magnetic 
meridian,  the  eSect  of  H  will  be  nil,  and  the  needle 
will  therefore  be  vertical.  This  enables  us  to  locate 
the  magnetic  meridian  in  the  laboratory.  The  total 
intensity,  /,  of  the  earth’s  magnetic  force  is  the 
resultant  of  H  and  F,  and  as  we  know  the  direction 


N 

Fig.  207. — Magnet  and  dipping  needle. 

of  I  we  can  draw  the  parallelogram  of  forces  (p.  34) 
and  find  F  and  /  if  is  known. 

If  from  N  (Fig.  206)  we  draw  n  l  parallel  to  o  y, 
to  meet  o  x  in  l,  and  n  k  parallel  to  o  x,  to  meet  o  y 
in  K,  the  sides  on,  ok  of  the  parallelogram  o  l  n  k 
will  represent  the  forces  F  respectively  in  magni¬ 
tude  and  direction,  and  the  diagonal  o  n  will  repre¬ 
sent  their  resultant,  I.  They  are  evidently  con¬ 
nected  by  the  following  relations  : — 

H  =  I  cos  6 
V  —  I  sin  0 

m  +  F’^  ==  P 

At  London  0  is  now  nearly  67°  N.  and  is  slowly 
declining  in  value.  In  this  connection  “  London,” 
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generally  meaiiH  Creeiiwicli  or  Kew.  Tlie  values  in 
the  following  table  refer  to  Kew  :* — 


Date 

Dip  [d] 

]J 

Date  Dip  (0) 

! 

H 

1857 

68°  24-9' 

0  17474 

1891  67°  33-2' 

0-18193 

1860 

68°  19-8^ 

0-17550 

1895  67°  25-4' 

0-18278 

1865 

68°  8-7' 

0-17662 

1900  67°  11-8' 

0-18428 

1870 

67°  58-6' 

0-17791 

1905  67°  3-8' 

0-18510 

1874 

67°  50-0' 

0-17903  I 

1908  67°  0-9' 

0-18515 

'riie  diherence  in  the  values  of  the  magnetic 
elements  at  these  two  Ijondon  observatories  in  the 
year  R)(lb  is  shown  in  the  following  ta,bh^  — 


Place 

s 

West 

0 

11 

V 

Kew 

Greenwich 

16°  10-8' 
15°  47-6' 

66°  59-7' 
66°  53-9' 

0-18506 

0-18526 

0-43588 

0-43432 

J3y  the  courtesy  of  the  Superintendent,  I  am  able 
to  add  the  values  of  these  elements  at  Kew  for  the 
year  1915: — 


Kew  (1915)  . 


15°  18-4'  I  66°  56-6'  0T8463 


0-43376 


_  Since  1 909  the  values  of  these  elements  have  con¬ 
tinued  to  diminish,  and  comparison  shows  that  at 
Kew,  during  this  interval,  S  has  decreased  by  about 
8-7'  per  annum,  d  by  about  0-5'  per  annum,  E  by 

*  (,)uotod  from  tlie  “  Eucyclo])aidia  Britanuica,”  lltli  ed.,  1911. 
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about  O-OA  per  annum,  and  V  by  about  0-0.35  per 
annum. 

If,  however,  we  compare  the  values  of  S  and  0 
for  1915  with  those  for  1865  (p.  313),  we  find  that 
for  this  period  of  fifty  years  the  mean  annual  de¬ 
crease  in  d  is  1-442',  and  in  ^  is  6-806'  ;  comparison 
suggests  that  the  declination  needle  is  perhaps 
moving  more  rapidly  because  it  is  moving  towards 
its  centre  of  oscillation,  and  the  dip  needle  less  rapidly 
because  it  is  moving /rom  its  centre  of  oscillation. 


B 


Fig.  208. — Magnetometer  showing  magnet  in  each  of  the  A  and  B 

positions  of  Gauss. 


Determination  of  H  and  6. — The  relations  already 
stated  show  that  if  H  and  6  are  known,  I  and  V  can 
be  immediately  found.  H  can  be  compared  with 
the  force  exerted  by  a  given  magnet,  by  means  of 
the  iiiag-neioiiieter.  This  instrument  (Fig.  208) 
consists  essentially  of  a  small  compass  needle  n  s  to 
which  is  attached  a  light  pointer  f  q  whose  extremities 
travel  over  a  graduated  circular  Scale  as  the  needle 
turns  about  a  vertical  axis  which  passes  through 
the  centre  of  the  circle.  When  the  needle  is  in  the 
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magnetic  meridian,  under  the  action  of  tlie  eartlT's 
magnetism  alone,  the  scale  is  so  placed  that  the 
ends  of  the  pointer  are  both  at  zero.  A  straight 
wooden  scale  projects  on  either  side  as  shown.  On 
this  scale  the  distances  marked  are  measured  from 
the  centre  of  the  circle.  If  a  magnet,  a,  be  placed 
on  this  scale,  at  right  angles  to  the  magnetic  meridian, 
and  due  east  (or  west)  of  the  needle  7i  s,  it  is  then  in 
what  is  known  as  the  A  position  of  Gauss.  If,  on 
the  other  hand,  it  be  ])laced  with  its  centre  due 
north  (or  south)  of  7i  s,  as  b  in  the  figure,  it  is  then 
in  the  B  position  of  Gauss.  The  effect  of  the  magnet, 
in  either  position,  will  be  to  deflect  the  needle.  The 
final  position  of  the  needle  will  be  the  result  of 
equilibrium  between  the  couple  due  to  H  and  tlie 
couple  due  to'  the  magnet.  AYe  may  talce  as  a 
working  formula — 


and 


M 

H 

M 

H 


=  tan  o,  in  the  A  position, 
=  tan  d,  in  the  B  ,, 


In  these  formula)  M  is  the  moment  of  the  magnet, 
and  is  therefore  equal  to  the  product  obtained  by 
multiplying  the  strength,  m,  of  one  of  its  poles  by 
the  distance,  2Z,  between  the  poles  (this  distance 
may  be  taken  as  approximately  equal  to  five-sixths 
of  the  length  of  the  magnet) ;  r  is  the  distance  be¬ 
tween  centre  of  compass  needle  and  centre  of  magnet  ; 
^  is  the  deflection.  A  small  magnet  is  employed  in 
the  experiment  because  fhe  formulae  are  most  nearly 
true  when  the  value  of  I  is  insignificant  compared 
with  that  of  r. 

This  experiment  evidently  enables  us  to  compare 
d/j  and  M.^,  the  moments  of  two  different  magnets. 
Place  the  two  magnets  in  the  A  position,  but  on 
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opposite  sides  of  the  compass  needle,  and  with  their 
similar  poles  now  opposing  each  other.  Adjust  their 
distance  from  the  needle  so  that  it  remains  at  rest 
in  the  magnetic  meridian.  Each  magnet  must  then 
be  producing  equal  and  opposite  deflection,  o.  Let 
the  distances  be  now  /q  and  'r2,  then  we  know 


If  the  deflection,  S,  obtained  in  the  a,  or  B,  position 

M 

is  45°,  we  have  tan  ^  =  1,  and  then  ff  —  i)  ^ 

respectively.  In  this  midway  position  the  earth 
and  the  magnet  are  really  producing  equal  ami 
opposite  deflections.  This  will  be  also  the  case  if 
we  lay  the  bar  magnet  on  the  bench,  in  the  mag¬ 
netic  meridian,  with  its  N.  pole  pointing  north, 
trace  a  straight  line  on  the  bench  bisecting  the  axis 
of  the  magnet  at  right  angles,  and  then  find  a  point 
(p)  on  this  line  where  a  very  short  compass  needle  is 
not  deflected  from  the  meridian  but  remains  parallel 
to  the  magnet.  In  this  case  also 


where  d  is  the  distance  from  either  pole  of  the  magnet 
to  the  neutral  point  p. 

Another  relation  between  M  and  H  can  be  obtained 
by  suspending  the  magnet  in  a  horizontal  stirrup, 
in  the  magnetic  meridian.  Slightly  displace  the 
magnet  from  its  position  of  rest — by  the  momentary 
approach  of  another  magnet,  for  instance — and 
carefully  determine  the  period  of  the  resulting 
oscillation.  If  2^  be  the  time  of  a  complete  vibration, 
we  know 
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and  tlierefore 


t  =  TV 

Mil  - 


I 

M  H 


In  this  formula  I  is  the  moment  of  inertia  of  the 
magnet.  In  the  case  of  a  simple  rectangular  bar 
magnet,  if  h  and  c  are  the  lengths  of  the  horizontal 
sides,  and  W  is  the  weight  of  the  magnet, 

_  ir  {h^  + 

12 


This  oscillation  experiment  will  evidently  enable 
us  to  compare  the  values  of  H  at  two  different 
places.  Suppose  that  at  the  first  place  the  magnet 
makes  rij  complete  oscillations  per  second,  so  that 

2  =  - ,  then 


M  //,  =  ,—  =  47r2./.».,2 


Similarly,  if  the  same  magnet  makes  complete 
oscillations  per  second  at  the  second  place,  then 

M  Ho  =  f  2  — 

1 2^ 

therefore 


//o  ?l2“ 

From  the  two  equations  discussed  in  this  section 
we  can  evidently  find  the  two  unknowns,  M  and  H. 

The  value  of  d  is  directly  determined  by  readings 
of  a  clip  circle.  This  instrument  (Fig.  209)  consists 
essentially  of  a  vertical  circle  wliicli  serves  as  a 
background  to  a  dipping  needle,  whose  inclination 
is  indicated  by  a  scale  graduated  on  the  border  of 
the  circle.  The  face  of  the  circle  against  wlficli  the 
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needle  is  seen  is  covered  with  looking-glass  so  that 
a  reflection  of  the  needle  is  seen  by  the  observer 
if  his  line  of  vision  is  not — as  it  should  he — truly 
normal  to  the  plane  of  the  needle  and  of  the  circle. 
In  reading  the  inclination,  therefore,  the  observer 
must  so  direct  his  vision  that  he  sees  no  reflection 
of  the  needle  in  the  face  of  the  circle.  In  order  that 
the  reading  then  correctly  taken  shall  be  the  true 


Fig.  209. — The  dip  circle. 


dip,  many  other  precautions  must  be  adopted.  Tlie 
plane  of  the  circle,  or  needle,  must  be  parallel  to 
the  magnetic  meridian.  To  secure  this  we  find  the 
po  ition  in  which  the  needle  is  vertical  (p.  316), 
and  then  turn  the  instrument  through  a  right  angle. 
The  needle  can  now  rotate  in  the  magnetic  meridian 
about  a  horizontal  axis  which  rests  on  smooth  sup¬ 
ports  held  by  the  two  pillars  A  b  (Fig.  209).  It  is 
possible*,  liowever,  that  owjng  to  a  little  rust  on  one 
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end  of  the  needle,  or  to  error  in  the  position  of  the 
axis,  one  end,  from  mechanical  causes,  may  tend 
to  dip  more  than  the  other,  and  so  reduce  or  exag¬ 
gerate  the  magnetic  effect.  To  eliminate  these  and 
other  errors  the  following  readings  must  be  taken  : — 

Upper  Lower 

end  of  end  of  Mean. 

needle,  needle. 

When  the  graduated  face  is 
turned  to  the  east — 

Front  of  needle  facing  circle  _  _  _ 

Back  of  needle  facing  circle  .  . 

When  the  graduated  face  is 
turned  to  the  west — 

Front  of  needle  facing  circle  .  .  . 

Back  of  needle  facing  circle  .  . 

We  must  now  reverse  tlie  polarity  of  the  needle. 
To  do  tliis,  clamp  it  in  the  position  indicated 
(c,  Fig.  209).  Place  the  opposite  poles  of  two  bar 
magnets  on  the  needle  (Fig.  210),  and  stroke  the 


Fig.  210. — Magnetization  of ’the  dip  needle. 


needle  from  clamp  to  point  on  each  side  with  the 
respective  magnet.  Repeat  this  three  or  four  times. 
Then  release  the  needle,  turn  the  under  side  upper¬ 
most,  replace  the  needle  thus  in  the  clamp,  and  again 
stroke  it  with  the  same  poles  as  before.  The  end  a 
will  now  be  the  north-seeking  pole  of  the  needle, 
and  will  therefore  dip.  This  must  be  the  end  that 
was  previously  the  upper  end  of  the  needle.  The 
series  of  eight  readings  already  described  mtist  now 
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be  repeated  with  the  reversed  needle.  The  final 
mean  of  all  the  sixteen  readings  is  the  value  of  the 
dip. 

Lines  of  force  due  to  the  earth’s  magnetism  pei- 
meate  the  space  around  us.  Their  direction  at  any 
point  is  that  of  the  dip  needle  at  the  same  point 
(s  N,  Fig.  206). 

If  a  steel  poker  be  held  pointing  in  this  direction 
and  struck  smartly  two  or  three  times  with  a  hammer, 
it  will  become  a  magnet,  and  the  lower  end  will  be 
the  north-seeking  pole.  The  polarity  can  be  reversed 
by  reversing  the  poker  and  re-striking.  In  this 
position  the  earth’s  lines  of  force  traverse  the  iron, 
and  the  effect  is  due  to  their  inductive  action  aided 
by  the  vibration  produced  by  the  blow.  Steel  ships, 
if  built  with  their  long  axis  in  the  magnetic  meridian, 
become  powerful  magnets,  and  their  effect  on  the 
compass  needle  has  to  be  neutralized  by  placing 
pieces  of  iron  or  small  magnets  close  to  the  binnacle. 

Exercises 

1.  If  the  needle  of  the  magnetometer  (Fig.  208)  finallv 
shows  no  deflection  when  between  two  magnets,  in  the  a 
position,  whose  centres  are  respectively  80  and  84  cm.  dis¬ 
tant  from  the  needle,  compare  the  moments  of  the  two 
magnets. 

2.  When  the  nearer  magnet  of  the  previous  example  is 
removed,  the  deflection  of  5°  is  obtained;  calculate  the 
moment  of  each  magnet,  assuming  that  0-18  dyne. 

3.  One  of  the  magnets  of  the  previous  example,  when 
suspended  in  the  horizontal  stirrup  (p.  319),  executed  12 
com'plete  vibrations  in  a  minute  at  one  end  of  the  laboratory, 
and  only  9  per  minute  at  the  other  end.  Compare  the  values 
of  H  at  the  two  places. 

(For  Answers,  see  p.  390.) 
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CURRENT  ELECTRICITY 

Galvani  and  Volta — The  Voltaic  Cell — Polarization- 
Primary  Batteries  —  Contact  Keys  —  Commutators 
— Electrolysis — Equivalent  Weights — Voltameters — 
Accumulators  —  Electrolytic  Theory  of  Solutions— 
Resistance — Ohm’s  Law — Grouping  of  Cells — Exer¬ 
cises. 

<;al\a8ii  ais<l  VoSla.— The  stationary  charges  of 
electricity  which  have  been  considered  in  Chapter  1. 
play  a  very  subordinate  part  in  the  modern  applica¬ 
tions  of  electricity.  These  are  mainly  due  to  electricity 
in  motion,  or  current  electricity.  The  terms  galvanic 
and  voltaic  are  often  used  to  denote  this  electricity, 
and  will  always  serve  to  remind  us  of  its  discovery. 
In  1790  Galvani  observed  that  some  frog  legs,  which 
were  hung  up  on  an  iron  balcony  with  copper  hooks, 
twitched  when  the  legs  touched  the  iron.  He  had 
previously  noticed  similar  movements  when  the  legs 
were  in  contact  with  metal  in  an  electrical  atmosphei'c. 
He  regarded  these  movements  as  manifestations  of 
the  animal  electricity  which  he  believed  to  be  inherent 
in  the  tissues,  and  the  occurrence  of  the  movements  in 
a  normal  atmosphere  seemed  to  confirm  his  view. 
Volta,  however,  an  eminent  Italian  physicist,  soon 
afterwards  showed  that  the  exciting  cause  was 
really  external,  and  resided  in  the  contact  of  dis¬ 
similar  metals  in  presence  of  moisture.  His  views 
were  communicated  to  the  Royal  Society  of  England 
on  January  31st,  1793.  In  1800  he  constructed  what 
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VOLTAIC  CELL 

IS  now  known  cis  tlic  voltmc  tiw  cippciratus  m 

wliicli  an  electric  current  is  produced  by  these  means. 

Since  that  time  many  a  frog  has  been  dedicated 
to  science  as  witness  of  the  accuracy  of  Galvani’s 
observations  and  of  the  truth  of  Volta  s  explanations. 
For  that  purpose  the  upper  part  of  the  body  is 
removed  from  a  freshly  killed  frog,  and  a  fine  copper 
wire  A  is  inserted  (Fig.  211)  under  the  large  nerves 
winch  supply  the  legs.  The  legs  are  then  flexed  and 
placed  on  a  platform  of  zinc,  the  toes  being  in  con¬ 
tact  with  the  ledge  b,  to  which  a  flexible  copper 
wire  c  has  been  soldered.  AVhen  the  wire  a  makes 
contact  with  the  wire 
c,  the  legs  jump.  This 
stimulation  of  nerve,  and 
resultant  muscular  re¬ 
sponse,  is  known  as 
galvanism ;  it  is  now 
recognized  as  a  valuable 
agent  in  the  diagnosis 

and  treatment  of  nervous  _ _ 

or  muscular  injur}- .  Of  —  Galvani’s  exxieriuient. 

course,  in  medical  prac¬ 
tice  the  ware  is  not  in  direct  contact  with  the 
nerve,  or  even  with  the  skin  ;  contact  is  completed 
through  the  patient,  but  a  moistened  pad  of  ab¬ 
sorbent  cotton  or  similar  material  intervenes  be¬ 
tween  the  metal  and  the  patient’s  skin. 

Simple  voltaic  cell.  -  This  still  retains  the 
essential  features  of  Volta’s  pile,  t\yo  dissimilar 
metals  and  a  conducting  solution,  or  electrolyte.  A 
plate  of  zinc  and  a  plate  of  copper  are  immersed 
in  10  per  cent,  sulphuric  acid.  Dilute  sulphuric  acid 
has  no  action  on  copper,  but  readily  attacks  and  dis¬ 
solves  common  zinc.  If,  however,  the  surface  of  the 
zinc  is  rubbed,  when  clean,  with  a  little  mercury,  it 


f^oon  becomes  amalgamated,  and  is  then  not  acted  on 
by  the  dilute  acid  in  ordinary  circumstances.  On 
this  account  the  zinc  plate  of  a  voltaic  cell  is  amal¬ 
gamated.  When,  however,  the  amalgamated  zinc 
plate  is  connected  to  tlie  copper  plate  by  a  copper 
wire,  the  zinc  begins  to  dissolve,  and  bubbles  of 
hydrogen  are  given  off  at  the  copper  plate.  In  this 
cell  it  is  usual  to  say  that  the  current  flows  from  the 
copper  to  the  zinc  outside  the  hattery,  and  returns  inside 
the  battery,  through  the  sulphuric  acid,  from  the 
zinc  plate  to  the  copper  plate.  The  terminals  of 
the  battery,  whether  plates  or  wires  connected  with 
plates,  are  often  called  the  poles  of  the  battery ;  or, 


Fig.  212.— Direction  of  current.  Fig.  213.— Copper  plate 


behaving  like  zinc. 


if  used  for  plating,  decomposing  water,  exciting  a 
nerve,  etc.,  they  may  be  called  electrodes.  The 
positive  electrode,  from  which  the  current  flows, 
is  called  the  anode,  and  the  negative  the  kathode 
(Fig.  212). 

A  voltaic  cell  therefore  consists  of  two  substances, 
one  of  which  is  usually  zinc,  and  the  other  may  be 
copper,  platinum,  carbon,  silver,  etc.,  and  of  a  solution 
in  which,  as  a  rule,  the  zinc  dissolves  while  the  cell 
is  in  use.  The  plates  are  named  the  opposite  to  the 
poles  ;  thus,  the  zinc  plate  is  the  positive  plate.  A 
plate  of  zinc  placed  in  a  solution  of  copper  sulphate 
will  displace  the  copper  from  its  combination  with 
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the  acid,  or  negative,  radicle.  Zinc  is,  therefore, 
regarded  as  more  positive  than  copper. 

If  a  simple  cell,  as  described  above,  be  coupled  up 
with  an  electric  bell  so  as  to  ring  it  continuously, 
it  will  be  noticed  after  a  short  time  that  the  bell 
ceases  to  ring.  If  the  battery  be  examined  it  will 
be  found  that  the  copper  plate  is  covered  with  a 
creamy  effervescence  of  bubbles  of  hydrogen,  being, 
in  fact,  superficially  converted  into  a  hydrogen  plate  ; 
and  if  it  be  carefully  taken  out  and  placed  in  fresh 
sulphuric  acid,  it  will  for  a  short  time  act  like  a  zinc 
plate  to  a  clean  copper  plate  (Fig.  213).  This  pheno¬ 
menon  is  called  polarization.  The  original  current 
is  weakened  principally  because  the  hydrogen  film 
renders  the  copper  plate  more  electro-positive,  and 
therefore  more  like  a  zinc  plate,  but  also  because 
the  film  of  gas  causes  additional  resistance  to  the 
passage  of  the  current. 

Many  remedies  for  polarization  have  been  in¬ 
vented.  The  hydrogen  may  be  (n)  mechanically 
removed,  as  in  the  Smee  cell ;  {h)  replaced  by  the  less 
positive  metal,  as  in  the  Daniell  cell ;  (c)  oxidized  to 
water,  as  in  the  Grove  cell.  The  simplest  mechanical 
plan  is  to  remove  the  hydrogen  by  a  stream  of 
bubbles  of  air  from  a  blower.  The  Smee  eeBi 
consists  of  a  platinum  plate  stretched  in  a  wooden 
frame,  on  which  are  clamped  two  zinc  plates ;  the 
elements  are  immersed  in  10  per  cent,  sulphuric 
acid.  The  platinum  plate  is  coated  with  spongy 
platinum,  which  absorbs  hydrogen,  and  rough  points 
on  the  surface  facilitate  the  escape  of  the  gas.  The 
OaiaieBi  cell  (Fig.  214)  consists  of  a  rod  of  zinc 
immersed  in  10  per  cent,  sulphuric  acid  contained  in 
a  porous  pot.  This  is  surrounded  by  a  copper  vessel 
containing  a  saturated  solution  of  copper  sulphate. 
The  hydrogen  which  tends  to  be  evolved  at  the 
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copper  plate  acts  upon  a  strong  solution  of  copper 
sulphate,  forming  metallic  copper  and  free  sulphuric 
acid  : 

CuSO,  +  =  Cu  +  H0SO4 

Copper  sulphate  Hydrogen  Copper  Suljjlmric  aeid. 

The  copper  vessel  forms  the  negative  plate  of  the 
battery,  and  copper  is  deposited  upon  it  in  place 
of  hydrogen.  The  strength  of  the  copper  sulphate 
solution  is  maintained  by  some  crystals  of  tliis  salt 
placed  in  the  perforated  gallery. 

In  the  Grove  cell,  and  in  the  Bunsen  cell,  the 


hydrogen  is  oxidized  to  water  by  strong  nitric  acid 
contained  in  the  inner  pot,  which  is  made  of  'porous 
earthenware.  The  outer  pot  is  made  of  glazed 
earthenware,  and  contains  the  dilute  sulphuric  acid. 

The  iilrove  celB  contains  a  zinc  plate  bent  as  seen 
in  Fig.  215,  immersed  in  10  per  cent,  sulphuric  acid, 
and  enclosing  in  the  bend  the  porous  pot  and  strong 
nitric  acid,  in  which  is  immersed  a  platinum  plate. 
The  hydrogen  which  tends  to  come  off  at  the  platinum 
plate  is  at  once  oxidized  by  the  strong  nitric  acid  ; 

Ho  -i-  2HNO3  -  2NO2  +  H2O 

Hydri'gen  Nitric  acid  Niti'ogeii  Water. 

peroxide 
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Tlie  red  fumes  of  nitrogen  peroxide  whicli  escape 
render  this  cell  objectionable  unless  the  cells  are 
placed  in  a  draught  cupboard. 

The  Bisie^en  cell  (Fig.  216)  has  a  cylindrical  plate 
of  zinc,  and  the  round,  porous  cell  contains  a  stick 
of  gas  carbon  immersed  in  strong  nitric  acid.  In 
other  respects  it  resembles  the  Grove  cell. 

In  the  bichroiiiate  cell  a  plate  of  zinc  is  immersed 
in  a  saturated  solution  of  potassium  bichromate 
containing  10  per  cent,  sulphuric  acid,  or  a  solution 
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Fig.  217- — Bichromate  cell. 


of  so-called  chromic  acid  can  be  used.  The  zinc 
plate  has  a  carbon  plate  fixed  on  either  side.  The 
hydrogen  is  oxidized,  the  orange  colour  of  the  bi¬ 
chromate  changing  to  the  purple  gi-ecTi  of  chrome 
alum.  The  reaction  is  : 

K.CroO-  +  dH.SO,  +  aiF  +  i7HoO 

Potassium  Sulplmric  Hydrogen  Watei’ 

bichromate  acid 

=  +  Cr2(SOP3  +  24H3O 

Chrome  alum. 

In  this  form  of  cell  (Fig.  217)  the  ziiic  must  be  so 
arranged  that  it  can  be  lifted  out  of  the  solution 
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when  the  battery  is  not  at  work,  because  chromic 
acid  attacks  zinc  even  if  it  is  amalgamated. 

The  De  Lji  Kiie  ceSS  has  a  rod  of  zinc  immersed 
in  a  solution  of  ammonium  chloride  and  a  strip  of 
silver  surrounded  by  a  stick  of  fused  silver  chloride. 
The  h3Mrogen  reduces  the  silver  chloride  : 

H.  +  2AgCl  =  2HC1  +  2Ag 

Hydrogen  Silvei'  Hydrochloric  Silver, 

chloride  acid 


Latiiiiei’-Clark  cell. — This  pattern  is  often  em¬ 
ployed  as  a  standard  cell  for  measuring  purposes. 
It  consists  (Fig.  218)  of  a  rod  of  pure  zinc  or  a 
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Fig.  218.- 


-Latimer-Clark  cell.  Fig.  219. — Leclanche  cell. 


mass  of  amalgam  of  pure  zinc  and  pure  mercury 
for  the  negative  pole,  and  a  mass  of  pure  mercury 
for  the  positive.  The  mercury  is  covered  with  a 
layer  of  pure  mercurous  sulphate,  and  then  the 
cell  is  filled  up  with  a  saturated  solution  of  pure 
zinc  sulphate.  Finally,  the  cell  is  sealed  to  avoid 
evaporation. 

The  e*cll  (Fig.  219)  contains  an  amal¬ 

gamated  zinc  rod  immersed  in  a  solution  of  am¬ 
monium  chloride,  and  a  carbon  plate  surrounded  by 
a  mass  of  black  oxide  of  manganese.  The  hydrogen, 
which  tends  to  be  evolved  at  the  carbon  plate,  i.educes 
the  manganese  to  a  lower  state  of  oxidation,  Ijeing 
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itself  converted  into  water.  This  oxidation  is  slow, 
so  that  if  short-circuited  the  cell  polarizes,  but  recovers 
if  disconnected  and  allowed  to  stand  : 

Zn  -f-  2NH4CI  =  ZnCL  +  2NH3  +  H2 

Zinc  Alniuoiiimu  Zinc  Anmionia  Hydingen 

chloiide  chloride 

and  then 

2Mn0.2  +  H,  ==  Mn.d).,  +  HoO 

or 

3Mn02  t  2H2  -  +  2H2O 

Dry  cells.— Most  dry  cells  contain  plates  of  zinc 
and  carbon,  the  latter  surrounded  by  black  oxide  of 
manganese,  the  exciting  fluid  being  ammonium  or 
zinc  chloride  rendered  more  or  less  solid  by  admixture 


with  plaster  of  Paris,  flour,  etc.  They  are  essentially 
Leclanche  cells  working  with  a  minimum  of  moist¬ 
ure,  and  in  this  portable  form  are  very  convenient 
and  make  up  into  batteries  very  suitable  for  general 
practice  whenever  treatment  requiring  a  continuous 
current  is  desired. 

K.eys.  —  To  prevent  unnecessary  expenditure  of 
electrical  energy,  the  circuit  should  include  an  in¬ 
strument  by  which  it  may  be  instantly  closed,  or 
opened,  at  will.  Such  an  instrument  is  technically 
known  as  a  hey.  A  form  much  used  in  physiological 
work  is  the  Du  Bois^Reymoiid  key  (Fig*  220).  A 
piece  of  flat  brass  d,  haAong  a  Audcanite  haniile  k. 


Fig.  222,— Bell  push. 
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is  screwed  to  a  brass  block  A,  wbicli  is  mounted 
on  a  vulcanite  block  c.  On  the  handle  being 

turned  over  to  tlie  right,  d  rubs 
against  the  end  of  the  brass 
]ilock  B  and  establishes  contact 
between  the  Avires  F  and  G. 

Another  form  of  key  is  the 
spring  key  (Fig.  221).  A  springy 
strip  of  brass  c  ends  underneath 
in  a  metallic  point  A.  On  the 
disc  of  vulcanite  b  being  pressed 
down,  A  comes  into  contact  with 
the  metallic  plate  b  and  estab¬ 
lishes  connection  between  the  wires  e  and  r.  The 
electric  hell  pws/i  (Fig.  222)  is  a  spring  key.  On 
the  ivory  button  be¬ 
ing  ])ushed  down,  the 
spiral  spring  c  comes 
into  contact  with  the 
metal  d,  and  the  wires 
A  and  B  are  con¬ 
nected. 

One  other  kind  of 
key  is  seen  in  Fig. 

223  —  the  “burglar 
alarm.”  Tliis  is  fitted 
where 5  the  hinges  of 
the  door  are  usually 
placed.  When  the. 
door  is  shut,  as  in  the 
figure,  the  edge  of  the 
“stile”  of  the  door 

forces  the  vulcamte  lig  223.-Bmglar.alarmkey. 
stud  A  back  into  the 

recess  cut  out  for  it,  so  that  the  spring  B  does  not 
touch  the  fixed  point  c.  When  the  door  is  opened, 
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the  spring  b  moves  to  the  left  and  makes  eontact 
with  c,  thus  establishing  connection  between  the 
wires  d  and  e. 

€oiiiiiiiil:a,tor  or  rev^ersei*.— This  is  an  instru¬ 
ment  for  changing  or  reversing  the  direction  of  a 
current  in  a  circuit.  Fig.  224  shows  one  form  of  the 
instrument.  Six  circular  holes,  1  to  6,  are  drilled  in 
a  blocli  of  vulcanite  and  filled  with  mercury ;  1 
and  6  are  connected  by  a  copper  wire,  also  2  and  5. 
There  are  six  brass  binding  screws  s,  whose  ends 
are  sere  w  e  d  quite 
through  the  vulcanite, 
so  that  they  project 
into  the  mercury,  b 
is  a  movable  bridge 
of  copper  wire,  with 
a  glass  handle  c,  by 
means  of  which  3  can 
be  connected  with  5, 
and  4  with  6  ;  or, 
by  turning  the  bridge 

over,  3  can  be  con-  224. — Commutator  or  reverser. 

nected  with  1,  and  4 

with  2.  The  central  section  of  c  consists  of  sealing-wax, 
or  other  non-conducting  substance,  so  that  3  and  4  are 
not  connected  via  0.  Suppose  the  battery  current 
enters  at  3  ;  it  passes  over  the  bridge  to  5,  thence 
into  the  circuit,  round  which  it  travels  (as  seen  by 
the  arrows)  to  6,  passes  over  the  bridge  to  4,  where  it 
leaves  the  commutator  and  returns  to  the  battery. 
If  the  bridge  is  turned  over,  so  that  3  is  connected 
with  1,  the  current  enters  as  before  at  3,  passes  by 
the  bridge  to  1,  and  thence  along  the  cross  wire  to 
6.  It  now  travels  round  the  circuit  from  6  ito  5  ; 
passes  from  5  to  2  by  the  cross  vzire,  and  then  to 
4  by  the  copper  bridge  in  its  new  position.  From  4 


'Sealing-:  « 

wax  ' 


331  ELECTRICITY  AND  MAGNETISM  [party 

it  iT'turns  to  the  liattery.  The  main  circuit  between 
5  and  6  is  therefore  traversed  by  the  current  in 
opposite  directions  in  the  two  journeys. 

Sometimes  a  key  and  reverser  are  combined  in 
one  instrument  as  in  the  key  on  the  Rulinikoi'fT 
poil  (Eig.  225).  This  consists  of  a  circular  block  of 
vulcanite  v  ;  in  it  are  fixed  two  brass  axles  x  and  Y  ; 
with  X  is  connected  a  handle  h  by  which  the  whole 
can  be  turned.  Two  brass  plates  a  and  k'  are  fixed 
so  as  to  cover  only  a  .small  portion  of  the  circum¬ 


ference  of  the  vulcanite ;  two  brass  screws  s  and 
connect  these  plates  respectively  with  the  brass 
axles  X  and  y.  Two  brass  springs  p  and  Q  press 
against  the  circumference  of  the  vulcanite  ;  wdien 
they  touch  only  vulcanite  the  current  is  blocked. 
The  battery  wires  are  connected  with  p  and  Q,  the 
wires  of  the  primary  coil  with  x  and  y.  If  the  key 
be  turned  as  in  Eig.  225,  the  current  passes  in  at 
p  through  a'  .s'  to  y.  If,  however,  the  vulcanite 
block  be  turned  half  round  so  that  Q  touches  a',  the 
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current  passes  in  by  p  along  a  through  s  to  x,  and 
its  direction  through  the  primary  coil  is  reversed. 

Electrolysis.  —  Aqueous  solutions  of  metallic 
salts  conduct  electricity,  but  the  passage  of  the 
current  is  accompanied  by  a  separation  of  the  two 
constituent  radicles  of  the  salt,  which  usually  make 
their  appearance  at  the  electrodes  (p.  326).  Some¬ 
times,  however,  a  secondary  chemical  reaction  occurs 
there  which  results  in  the  appearance  of  other  pro¬ 
ducts  instead.  The  conducting  solution  is  termed  the 
electrolyte ;  the  process  is  called  electrolysis. 

One  group  of  elements  and  radicles  is  liberated  at 
the  electrode  by  which  the  current  leaves  the  electro¬ 
lyte — that  is,  the  negative  electrode,  the  one  con¬ 
nected  with  the  zinc  end  of  the  battery — and  these 
are  called  electro-positive  elements  and  radicles,  or 
sometimes  kations,  as  they  are  liberated  at  the 
kathode  ;  they  include  hydrogen  and  the  metals. 
The  other  class,  liberated  at  the  positive  electrode, 
or  anode,  where  the  current  enters  the  fluid,  are 
termed  electro-negative,  or  anions,  and  include  the 
non-metals,  chlorine,  bromine,  and  the  acid  radicles 
SO4,  NO3,  etc. 

If  a  solution  of  copper  sulphate  be  placed  in  the 
U-tube  (Fig.  226)  and  the  wires  be  connected  with 
a  battery,  the  platinum  plate  connected  with  the 
zinc  end  of  the  battery  will  be  found  after  a  few 
minutes  to  be  coated  v/ith  red  metallic  copper.  If 
the  direction  of  the  current  be  reversed,  the  copper 
will  dissolve  off  the  platinum  plate  and  be  de¬ 
posited  on  the  other,  which  is  now  the  kathode. 
Copper,  being  a  kation,  is  always  deposited  on  the 
kathode. 

If  a  solution  of  potassium  iodide,  to  which  a  little 
starch  solution  has  been  added,  be  placed  in  the  U- 
tube,  instead  of  the  copper  sulphate,  the  passage  of 


33G  ELEOTRIOJTY  AND  MAUNETISM  [haktV 

the  current  is  almost  immediately  marked  by  the 
appearance  of  a  blue  colour  in  the  neighbourhood 
of  the  anode,  where  the  electro-negative  iodine  is 
always  liberated. 

If  a  neutral  solution  of  sodium  sulphate  be  electro¬ 
lysed  in  the  U-tube  (Fig.  226),  the  liquid  surrounding 
the  kathode  will  be  found  to  become  alkaline,  while 
that  surrounding  the  anode  will  become  acid.  The 
sodium  sulphate  dissociates  into  its  kation,  sodium, 
and  its  anion,  SO 4.  The  sodium,  liberated  at  the 
kathode,  decomposes  the  water  there,  thus  forming 
alkaline  caustic  soda,  and  liberating  hydrogen.  The 


tig.  226.  Electio  Fig.  22/.  -Series  of  U-tubes  arranged 

lysis  of  sodium  for  electrolysis, 

sulphate. 


anion,  SO4,  decomposes  water,  forming  sulphuric  acid, 
and  liberates  oxygen. 

The  decomposition  of  metallic  solutions  by  elec¬ 
trolysis  finds  numerous  apphcations  at  the  present 
day^  for  electroplating  (coating  with  silver),  electro¬ 
gilding,  electrotyping  (reproducing  objects  in  copper), 
nickel-plating,  etc.  All  that  is  necessary  is  to  render 
the  article  to  be  plated  thoroughly  clean,  immerse 
it  in  a  suitable  metallic  solution,  and  make  it  the 
kathode  by  connecting  it  with  the  zinc  end  of  a 
battery,  when  the  metallic  coating  is  deposited  upon 
it.  The  anode  should  be  a  plate  of  the  metal  which 
is  being  deposited,  gold  for  gilding,  silver  for  electro¬ 
plating,  etc. 
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Electrolysis  is  also  used  in  the  manufacture  of 

*/ 

chlorine  and  caustic  soda  by  the  electrolysis  of 
brine,  and  in  the  preparation  of  chlorates,  etc. 

Equivalent  weights.— AVhen  a  current  is  passed 
which  liberates  1  grm.  of  hydrogen,  it  will  set  free 

63  *  5 

8  grm.  of  oxygtm,  108  of  silver,  -b  31 ‘75  of 

197  „  ^  „ 

copper,  =  65 ‘7  of  gold,  80  of  bromine,  35*5 


of  chlorine.  In  othei’  words,  elements  are  liberated 

in  proportion  to  their  equivalent  Aveights  (equiva- 

,  .  ^  atomic  weighty  ^  ,  .„ 

lent  weight  = - ^ - ).  00  that  11  we  pass 

®  valency  ^ 

a  current  through  a  series  of  U -tubes  containing 

the  following  solutions — auz.  (1)  acidulated  Avater, 

(2)  copper  sulphate,  (3)  silver  cyanide,  (4)  gold 

cyanide,  (5)  salt  (Fig.  227) — for  every  grm.  of 

hydrogen  set  free  there  will  be  liberated  8  grm.  of 

oxygen,  31*75  of  copper,  49  of  sulphuric  acid,  108  of 

silver,  26  of  cyanogen,  65-7  of  gold,  40  of  caustic 

soda,  35-5  of  chlorine. 

The  weight  of  an  element  liberated  depends,  there¬ 
fore,  (1)  upon  its  nature  ;  it  also  depends  (2)  upon 
the  strength  of  the  current,  and  (3)  upon  the  duration 
of  the  current.  If  Ave  choose  for  (1)  the  element 
hydrogen,  and  for  (3)  the  unit  of  time,  1  sec.,  it  -is 
clear  that  the  AA^eight  of  hydrogen  liberated  per 
second  by  any  current  aauU  be  simply  proportional 
to  the  strength  of  that  current.  We  have,  therefore, 
a  direct  method  of  estimating  this  strength.  When 
the  electrolytic  apparatus  (Fig.  226)  is  adapted  to 
this  purpose,  it  is  called  a  voltameter.  If  the  element 
deposited  and  Aveighed  is  copper  it  is  called  a  coffer 
voltameter.  The  silver  voltameter  is  generally  pre¬ 
ferred  for  accurate  measurements.  Current  strength 
and  other  electrical  quantities  can  be  expressed  in 
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absolute  (J.G.S.  units  related  to  the  fundamental 
and  derived  units  already  defined  (p.  4).  These 
units  are  often  inconveniently  large  or  small  for 
practical  purposes,  and  certain  practical  units  are 
therefore  more  generally  employed.  The  practical 
unit  of  current  strength  is  1  ampere.  The  strength 
of  the  therapeutic  current  employed  in  galvanism 
is  only  a  fraction  of  this  unit  and  is  usually  stated 
in  terms  of  the  inillianipere  ;  a  range  of  3  ma.  to 
‘in  ma.  will  meet  most  cases,  subject  to  such  varia¬ 
tion  with  the  size  of  the  electrode  as  will  keep  the 
surface  density  approximately  to  1  ma.  per  sq.  in. 
Idle  weight  of  silver  liberated  in  1  sec.  by  a  current 
of  1  ampere  is  0-001118  grin.  The  weight  of  hydrogen 
liberated  in  1  sec.  by  a  current  of  1  ampere  is  0-001118 
divided  by  the  chemical  equivalent  ^  of  silver,  and  is 
found  to  be  0-0,T04.  The  weight  of  copper  liberated 
from  a  solution  of  cupric  sulphate  in  the  same  time 

03 

by  tlie  same  current  is  therefore  0-0000104  x 

and  is  called  the  electro-chemical  equivalent  of  copper. 
If  we  denote  the  electro-chemical  equivalent  of  any 
element  by  z  we  may  sa)^  that  the  weight  w  of  this 
element,  liberated  by  a  current  of  C  amperes  in  t 
seconds,  is  given  by  the  equation  : 

w  —  z.C.t 

Tiiis  is  really  the  quantitative  expression  of  the 
three  relations  already  stated.  They  were  estab¬ 
lished  by  Faraday,  and  are  known  as  Faraday’s  lau's 
of  electrolysis. 

It  will  be  convenient  to  mention  here  that  tlie 
absolute  C.G.S.  unit  of  current  strength  is  equal  to 
10  amperes. 

The  quantity  of  electricity  carried  past  any  specified 

*  See  “  Manual  of  Chemistry  ”  (Luff  and  Candy). 
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point  ill  the  circuit  by  1  ampere  in  1  sec.  is 
1  coulomb.  It  is  clear  that  1  coulomb  liberates  the 
electro-chemical  equivalent  of  an  element. 

It  is  sometimes  convenient  to  remember  the 

I 

,  or  96,150, 


0-0,104 


reciprocal  relation,  namely,  that 

coulombs  (or  9,615  C.O.S.  units)  liberate  I  grm.  of 
hydrogen  or  the  chemical  equivalent,  in  grammes, 
of  any  other  element.  This  quantity  of  electricity 
is  conveniently  called  a  faraday. 


Acciiiiiiilator^,  storage  cells,  secoadary 

batteries.— One  special  application  of  electrolysis 
is  the  storing  of  electrical  energy  by  converting  it 
into  chemical  energy. 

A  secondary  battery  consists  of  two  sheets  of  lead 
painted  with  red  lead,  Pb304,  or  of  gratings  of  lead, 
with  their  interstices  filled  up  with  a  paste  of  red 
lead  and  dilute  sulphuric  acid,  immersed  in  dilute 
sulphuric  acid.  The  two  plates  are  connected  with 
the  poles  of  a  battery  or  dynamo,  when  the  lead 
plates  act  as  electrodes,  hydrogen  being  evolved  at 
the  kathode  and  reducing  the  red  lead  on  the  kathode 
to  a  mass  of  spongy  metallic  lead,  while  the  oxygen 
evolved  at  the  anode  oxidizes  the  red  lead  there  to 
peroxide  of  lead,  Pb02.  When  all  the  red  lead  has 
thus  been  converted  on  the  one  plate  to  metallic 
lead,  on  the  other  to  peroxide,  the  hydrogen  and 
oxygen  come  off  in  bubbles,  indicating  that  the 
accumulator  is  charged.  It  is  then  disconnected 
from  the  dynamo.  If  the  two  lead  plates  prepared 
as  above  be  now  connected  by  a  wire,  a  current  will 
flow  in  the  opposite  direction,  until  the  spongy  lead 
and  the  peroxide  have  both  been  reconverted  into 
red  lead. 

The  current  in  a  wire  which  connects  the  terminals 
of  an  accumulator  is  a  continuous  one,  similar  to 
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the  galvanic  current  derived  from  the  primary  bat¬ 
teries  already  described.  Faraday  subsequently  dis¬ 
covered  that  by  magnetic  methods  (p.  374)  a  current 
of  electricity  might  be  produced  in  a  wire  which  was 
not  connected  to  any  battery  at  all  :  this  faradic 
current  is  not  continuous  but  alternating  or  inter- 
rupted,  and  it  would  therefore  not  be  suitable  for 

electrolvsis. 

%/ 

y  <al  solnlioBins.  ~  It  was 

formerly  believed  that  the  current  actually  decom¬ 
posed  the  salt  molecules  in  solution  into  ions.  The 
view  now  generally  adopted  is  that  a  certain  pro¬ 
portion  of  the  molecules  always  are  so  dissociated 
or  ionized  in  dilute  aqueous  solutions,  and  that  the 
current  directs  them  to  their  proper  electrodes — 
the  positive  ions  to  the  kathode  and  the  negative 
ions  to  the  anode.  Here  they  become  atoms  and 
manifest  their  individual  chemical  characters.  The 
extensive  use  of  electrolysis  at  the  present  time  in 
electro-therapeutics  is  due  to  the  belief  that  the 
beneficial  local  effects  observed  are  produced  by 
these  liberated  ions.  Experiment  has  shown  that 
drugs  can  in  this  way  be  administered  through  the 
skin  {kata phoresis),  and  that  the  ions  do  move  in 
the  directions  already  indicated.  Thus,  anions  like 
iodine  move  from  katlmde  towards  anode,  and  there¬ 
fore  the  absorbent  kathode  is  soaked  in  an  aqueous 
solution  of  potassium  iodide  ;  while  kations  like 
the  alkaloids  move  from  anode  towards  kathode, 
and  their  kataphoresis  is  effected  from  a  suitable 
solution  applied  with  the  anode.  Cocaine  so  ad¬ 
ministered  produces  only  local  anaesthesia,  although 
when  injected  subcutaneously  the  same  alkaloid 
enters  the  general  circulation  and  produces  quite 
different  effects ;  the  electrolytic  method  may  there¬ 
fore  be  very  useful  for  minor  operations.  Sub- 
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stances  like  sugar,  which  are  not  ionized  in  aqueous 
solution,  are  not  electrolytes. 

Conductors  difier  greatly  in  the  quantity  of  elec¬ 
tricity  which  they  allow  to  pass  in  the  same 
circumstances.  This  difference  in  velocity  is  due  to 
what  is  technically  termed  the  ref^i stance  of  the 
conductor.  This  is  generally  denoted  by  R,  and 
depends  (1)  upon  the  material  of  which  the  conductor 
is  composed — each  substance  has  its  own  specific 
resistance^  r,  just  as  it  has  its  own  specific  heat, 
etc.  ;  (2)  upon  the  area,  s,  of  the  cross  section  of 
the  conductor — the  larger  the  area,  the  smaller 
the  resistance ;  (3)  upon  the  length,  I,  of  the 
conductor — -the  longer  the  conductor  the  greater 
the  resistance.  These  relations  are  expressed  by  the 
equation  r  I 

s 

We  see  that  if  /  =  1  cm.  and  s  =  1  sq.  cm.,  we 
sliall  have  r  =  R.  Hence  the  specific  resistance — 
or,  as  it  is  sometimes  called,  the  resistivity — of  a 
substance  is  the  resistance,  expressed  in  absolute 
units,  which  is  actually  offered  by  1  cm.  of  a  con¬ 
ductor,  composed  of  that  substance,  whose  cross 
section  has  an  area  of  1  sq.  cm.  The  specific  resist¬ 
ances  of  a  few  su])staiices  are  stated  in  the  following 
table  : — 


SPECIFIC  RESISTANCE,  EXPRESSED  IN  OHMS,  OF  VARIOUS 

SUBSTANCES  AT  0° 


Sil  ver  . 
(Jopper 
Aluminiuiii  . 
Pare  water  . 
Platinum 
German  silver 
Mercury 
Mica  , 


1-47  X  10  « 

1- 5()  X  10 

2- 66  X  10 

25-00  X  10+« 
10-92  X  10-^ 

20-00  X  10-® 

94'07  X  10-6 

i-00  X  10^1^ 
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The  practical  unit  of  resistance  is  the  ohn,  and 
is  equal  to  the  resistance  of  a  column  of  mer¬ 
cury  I  sq.  mm.  in  section  and  106  cm.  long  at  0°  C. 
The  ohm  is  equal  to  10^  absolute  C.G.S.  units  of 
resistance.  The  internal  resistance  of  a  cell  is  evi¬ 
dently  the  resistance  of  a  column  of  the  cell  fluid 
whose  length  {1)  is  the  distance  between  the  plates 
and  whose  cross  section  (s)  is  the  area  of  the  immersed 
portion  of  a  plate  ;  hence  in  any  particular  type  of 
cell  we  can  only  diminish  this  resistance  by  in¬ 
creasing  the  immersed  plate  area  or  by  placing  the 
plates  nearer  together. 

The  force  causing  the  passage  of  electricity  in  the 
circuit  is  called  the  electromotive  force.  It  is  due  to 
the  difference  in  potential  existing  between  the  two 
terminals  which  the  circuit  connects.  The  practical 
unit  of  electromotive  force  is  the  volt,  which  is 
equal  to  10^  absolute  C.G.S.  units  of  potential. 
This  difference  in  potential,  or  E.M.F.,  depends 
only  on  the  elements  used  in  the  cell,  and  is  inde¬ 
pendent  of  the  size  of  the  cell ;  the  numerical  values 
assigned  to  some  of  the  cells  already  described  are — 


Bunsen 
Grove  . 
Daniell 
Latimer-Clark 
Leclanche 


L8  volts. 

1-9  „ 

1-07  „ 

1-433  „  (at  15'^ C.) 


If  two  bodies  at  different  potentials  be  connected 
by’  a  wire,  the  current  flows  from  the  body  at 
higher  potential  to  the  body  at  the  lower,  until 
equilibrium  of  potential  is  established.  If  no  cur¬ 
rent  flows  between  two  points,  or  bodies,  so  con¬ 
nected,  they  must  be  at  the  same  potential.  The 
potential  of  the  earth  is  the  zero  of  the  potential 
scale  (p.  294). 
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law.—The  strength,  C,  of  a  current  flowing 
in  a  circuit  varies  (1)  directly  as  the  potential  differ¬ 
ence,  or  electromotive  force,  E,  and  (2)  inversely 
as  the  resistance,  R.  This  statement  is  known  as 
Ohm’s  law,  and  is  expressed  by  the  equation 

^  ~  R 

In  the  consideration  of  resistance  it  is  often  con¬ 
venient  to  divide  the  resistance  into  R,  the  resist¬ 
ance  of  the  external  circuit,  and  r,  the  internal 
resistance  of  the  battery  or  current 
producer.  The  equation  will  then 
be  written 

(j  _  _ ^  ^ 

^  ~  R  f 


i.. 


"h 


<1 

<1 


z_ 


Couplings  of  cells  ill  series 
and  ill  parallel  cireiiit.~-Two  or 

more  cells  can  be  combined  to  form 
a  battery.  For  this  purpose  they 
may  be  grouped  (I)  m  series,  when 
the  zinc  of  one  cell  is  coupled  to 
the  copper  of  the  next ;  or  (2)  in 
'parallel  circuit,  when  all  the  zincs 
are  joined  and  all  the  coppers  (Fig. 

228) ;  or  (3)  a  combination  of  (I) 
and  (2)  may  be  used. 

By  coupling  two  cells  in  series 
we  double  the  E.M.F.,  but  at  the 
same  time  we  double  the  internal 
resistance,  and  the  same  holds  with  any  number  of 
cells  so  arranged.  If  we  couple  two  cells  in  parallel 
circuit,  we  have  practically  one  cell,  with  plates 
double  the  size.  In  this  case  the  E.M.F.  is  unaltered, 
but  the  internal  resistance  is  halved. 

If  the  external  resistance  is  large,  as  in  the  common 


“4" 

(2) 

(1) 

Fig.  228. —Coup¬ 
ling  of  cells  (1) 
in  series,  (2)  in 
parallel. 
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applications  of  galvanism  to  the  human  body,  whose 
resistance  may  be  about  3,000  ohms,  it  is  more 
advantageous  to  connect  the  cells  in  series,  since  we 
cannot  avoid  the  large  external  resistance  and  the 
internal  resistance  is  relatively  unimportant.  On  the 
other  hand,  when  the  external  resistance  is  small,  as 
in  the  galvano-cautery,  where  a  short  platinum  wire, 
whose  resistance  is  only  about  0-05  ohm,  has  to  be 
heated  to  dull  redness,  it  is  better  to  reduce  the 
internal  resistance  by  connecting  the  cells  in  parallel 
circuit.  With  any  given  number  of  cells  the  most 
efficient  arrangement  is  the  one  that  makes  the 
external  and  internal  resistances  as  nearly  equal  as 
possible  {R=r). 

Ex. :  What  arraiigeineiit  of  20  Leclaiiche  cells,  each  cell 
liaving  an  E.M.F.  of  1-5  volts  and  an  internal  resistance 
of  0-3  ohm,  will  give  most  current  (1)  when  the  external 
resistance  R  =  3,000  ohms,  (2)  when  R  ~  0  05  ohm  ? 

(1)  When  all  the  cells  are  connected  in  series,  the 
internal  resistance  of  the  battery  is  20  x  0  3  =  6  ohms, 
and  no  arrangement  can  make  it  more  nearly  equal  to  R 
than  this.  This  arrangement  will  therefore  give  the  best 
current;  the  E.M.F.  will  then  be  20  X  1-5  =  30  volts, 

30 

the  total  resistance  3,006  ohms,  and  the  current  . 
jQ  .3006 

=  ibiD  =  Ib  (nearly). 

(2)  We  have  now  to  group  the  cells  so  that  the  internal 
resistance  of  the  battery  shall  be,  as  nearly  as  possible, 
=  0  05  olmi.  It  will  be  found  that  this  is  the  case  if  we 
divide  the  20  cells  into  10  pairs,  the  two  cells  in  each  pair 
being  connected  in  series,  but  the  10  pairs  being  connected 
in  parallel ;  each  pair  is  then  equivalent  to  a  cell  mth 
E.M.F.  2  X  1-5  =  3  volts,  and  internal  resistance  2  x  0-3 
=  0-6  ohm ;  and  the  battery  is  equivalent  to  10  such 
cells  in  parallel  and  has  therefore  E.M.F.  3  volts  and 

0*0 

internal  resistance  —  =  0  06  ohm.  No  other  arra-nge- 

J  0  ~ 


CHAP.  Ill]  MEASUKEMENT  OE  RESISTANCE  345 


ment  mil  make  the  internal  resistance  so  nearly  equal 
to  R.  The  current  obtained  from  this  arrangejnent  is 
3  300 

=  27-27  amperes. 


0-05  +  006 


11 


Copper  and  silver,  when  pure,  are  the  best  con¬ 
ductors  ;  but  even  traces  of  impurities  seriously 
impair  tlie  conductivity.  Iron  is  not  nearly  so 
good  a  conductor  as  copper,  but  by  taking  a  larger- 
sized  iron  wire  we  increase  the  cross-section,  and 
so  compensate  for  its  inferior  conductivity.  The 
earth  is  of  such  an  immense  cross-section  that  it 
may  be  looked  upon  as  a  perfect  conductor.  An 
aluminium  wire  of  the  same  size  as  a  copper  wire 


miles  2,50  500  750  1000 


has  only  60  per  cent,  of  its  conductivity,  but  if  the 
size  of  the  aluminium  wire  be  increased  until  it 
weighs  the  same  per  metre  it  is  twice  as  good  a 
conductor  as  copper. 

The  measurement  of  resistance  may  enable  us  to 
locate  a  fault  in  a  submarine  cable  (Fig.  229).  The 
current  flows  from  the  battery  at  b  through  the  cable 
to  tbe  receiving  instrument  at  c,  passing  by  the 
earth  plate  back  through  the  earth  to  the  plate  e, 
and  so  home.  Now  suppose  the  cable  is  1,000  miles 
long,  and  that  each  mile  has  a  resistance  of  5  ohms. 
As  long  as  the  cable  is  intact,  it  interposes  a  resistance 
of  5,000  ohms.  Suppose  it  is  broken  at  G,  then  the 
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broken  eiul  is  eartlied,  jind  the  resistance  will  be 
found  to  have  fallen  to  1.800  ohms.  The  fault  is 

i-  1-  .  1800 

therefore  distant  -  =  360  miles  from  b. 

5 


Exercises 

1.  Calculate  the  weight  of  silver  deposited  from  a  solution 
of  ^  silver  nitrate  in  3  hours  by  a  current  of  5  amperes. 
[  First  Profession  al. ] 

2.  Two  cells  of  E.M.F.  T1  anti  1-4  volts,  and  resistance 
O-o  and  0-2  ohm  respectively,  are  arranged  in  series  ;  the 
free  terminals  are  connected  by  a  wire  of  resistance  1  ohm. 
What  current  flows  through  the  wire  and  through  each  cell  ? 
How  would  the  current  in  the  wire  be  affected  if  the  con¬ 
nections  of  the  second  cell  were  inverted  ?  [Ibid.j 

3.  Two  platinum  wires,  equal  in  length  but  different  in 
diameter,  are  joined  in  series  with  a  battery  wliieh  causes 
a  difference  of  j^otential  of  8  volts  between  the  extreme  points. 
The  resistance  of  the  thicker  wire  is  1  ohm,  and  of  the  other 
3  ohms.  Calculate  the  current  flowing  through  the  wires, 
and  the  quantity  of  electricity  carried  in  5  minutes.  Find 
also  the  differences  of  potential  between  the  ends  of  each 
wire,  llhid.'] 

4.  Calculate  tlie  volume  of  hydrogen  liberated  in  10 
minutes  by  a  current  of  3  amperes,  if  the  density  of  the  gas 
be  0-0896  grm.  jier  litre.  [Ibid.'] 

,).  A  battery  of  E.M.F.  6  volts  and  internal  resistance 
2-5  ohms  is  used  to  supply  current  for  two  electric  lamps, 
each  of  resistance  10  ohms.  Calculate  the  current  in  each 
lamp  when  they  are  arranged  (i.)  in  series,  (ii.)  in  parallel. 
Compare  the  amount  of  heat  produced  in  a  lamp  in  the 
two  cases.  \^Ibid.'\ 

6.  Calculate  tue  current  strength  when  a  tangent  gal¬ 
vanometer  V  ith  a  coil  of  10  turns,  of  mean  radius  10  cm., 
gives  a  deflection  whose  tangent  is  0-75,  and  the  strength 
of  the  earth’s  magnetic  field  is  0-16  dynes.  {Ibid.l 

7.  A  wire  1  metre  long  and  0-6  mm.  diameter  is  found  to 
have  a  resistance  of  1-16  ohms.  Calculate  the  specific  resist¬ 
ance  of  the  wire  substance. 

(P’or  Answers,  see  p.  390.) 
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ELECTRIC  MEASUREMENT 

Measurement  of  Current — Galvanometers — xMeasurement 
of  Resistance — Wheatstone’s  Bridge — Divided  Circuits 
— Shunts — Measurement  of  Electromotive  Force — 
Potentiometer  —  Capillary  Electrometer  Thermo- 
Electricity — ^Exercises. 

Measurement  of  Current  Strength 
Effect  of  a  eurretit  on  a  iiia|?i*etie  needle. — 

The  measurement  of  the  strength  of  a  current  by 
means  of  a  voltameter  (p.  337)  depends  upon  the 
efiect  of  the  current  on  chemical  combination.  The 
measurement  is,  however,  more  frequently  accom- 
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Fig.  230. — Action  of  ciirrent  on  magnetic  needle. 

plished  by  means  of  the  galvaiBonieter,  an  in¬ 
strument  which  registers  the  quantitative  efiect  of 
the  current  on  a  magnetic  needle.  If  a  copper  wire 
conveying  a  current  is  held  lengthwise  over  a  magnetic 
needle  resting  in  the  magnetic  meridian  (p.  3II),  the 
needle  immediately  turns  and  tends  to  set  itself  at 
right  angles  to  the  length  of  the  wire  and  to  the 
magnetic  meridian.  If  the  current  passes  from  a  to 
B  over  the  needle  (Fig.  230),  the  north  end  of  the 
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needle  turns  to  the  left ;  if  the  wire  is  placed  under 
the  needle,  the  north  end  moves  to  the  right.  If  the 
direction  of  the  current  be  reversed,  the  movement 
of  the  needle  is  reversed.  The  key  to  the  movements 
is  supplied  by  Ampere’s  rule  :  Suppose  that  a 
man  swimming  in  the  wire  unth  the  current  turns  so 
as  to  face  the  needle,  then  the  north-seeking  pole  ol 
tlie  needle  will  be  deflected  towards  his  left  hand. 
If  a  Avire  pass  over  a  needle  and  then  below,  as  in 
Fig.  231,  the  SAvimmer,  moving  AAuth  the  current 
along  A  B,  SAvims  on  his  breast  to  face  the  needle. 


Fig.  231. — Effect  of  wire  over 


and  under  magnetic  needle.  the  Current,  and  by 


making  many  turns  of 


insulated  AAure  round  a  needle  the  effect  of  a  small 
current  is  multiplied  and  may  produce  a  considerable 
deflection.  The  high  resistance  of  the  long  coil  may, 
however,  be  disadvantageous  in  some  cases. 

The  force  exerted  by  the  current  may  be  repre¬ 
sented  by  the  couple  f  (Fig.  232)  acting  at  right 
angles  to  the  plane  of  the  coil  Avhich  is  in  the  magnetic 
meridian.  This  is  more  or  less  counteracted  by  the 
horizontal  component  of  the  earth’s  magnetism 
(p.  313),  which  may  be  represented  by  the  couple 
inH  acting  parallel  to  n  s,  if  m  be  the  strength  of  a 
pole  of  the  needle  used.  If  the  needle  comes  to  rest 
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in  the  position  a  b,  making  an  angle,  0,  with  n  s, 
the  moments  of  these 


two  couples 
equal  and 
therefore 


must  be 
opposite. 


F 


F  XBG  =  mH X  A  0 

F  =  niH  X 
=  mH  X  tan  0 

But  m  H  does  not 
alter  for  the  same 
needle  and  the  same 
place ;  therefore  the 
force,  F,  exerted  by 
the  current  is  simply 
proportional  to  the  taii- 
gent  of  the  deflection. 

Hence  the  name  tangent 
galvanometer. 

Taiig^ent  g^alva- 

iioiiieter.  --There 

are  many  forms  of  this 

instrument.  Perhaps  the 

simplest  form  consists 

of  a  thick  copper  wire 

coiled  in  a  large  open 

ring  A  (Fig.  233).  There 

may,  however,  be  two, 

or  several,  coils,  and 

the  diameter  of  a  coil 

may  vary  considerably. 

The  magnetic  needle  B  232.  -  Assumption  by  magnetic 
.  j  1  ,  T  needle  of  position  of  equilibrium. 

must  not  be  more  than 

1  in.  long,  and  is  suspended  exactly  in  the  centre 
of  the  ring.  A  light,  long  index  of  aluminium  c  c  is 
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attaclied  at  right  augies  to  tlio  needle.  The  position 
of  the  index  can  be  read  off  on  a  circular  horizontal 
scale.  The  coil  is  set  in  the  magnetic  meridian, 

the  short  needle  lying  in 
the  plane  of  the  coil. 

Siiio  ^:aivaiiojii<‘tc‘i‘. 
-  If  the  coil  of  a  tangent 
galvanometer  can  be  turned 
about  a  vertical  diameter 
and  thus  made  to  follov 
the  deflected  needle  till 
))oth  are  again  in  th(‘ 
same  plane,  then  since  p 
(Fig.  232)  is  now  at  right 
angles  to  a  b,  the  conditiou 
of  equilibrium  is  : 

F  X  A  B  -  mH  x  A  C 

■  ■■  F  ^  mH  X 

=  »iH  X  sin  6 
So  that  the  current  strength  is  now  proportional  to 
the  sme  of  the  deflection,  and  the  instrument  becomes 
a  sine  galvanometer . 

Astatic  iteertlc. — Instead  of  multipKdng  the 
effect  of  the  current  by  using^manv  turns  of  wire, 
we  may  diminish  the  opposing 
effect  of  the  earth’s  magnetism 
by  connecting  it  with  a  second 
needle  of  equal  strength,  but 
having  its  poles  reversed,  so 
that  the  north  pole  of  one  ^ 
needle  shall  be  over  the  south  _ 


Oc 


-B 


234. — Astatic  needle. 


pole  of  the  second,  as  in  Fig. 

234.  If  the  two  needles  were 
perfectly  symmetrical,  and  exactly  balanced  as 
to  their  magnetism,  the  combinatiou  would  set 


ASTATIC  NEEDLE 


351 


CHAP.  IV] 

indifferently  in  any  position.  As  a  matter  of  fact, 
if  the  magnets  are  equally  magnetized,  the  needle 
sets  east  and  west.  By  using  such  an  astatic  needle 
the  current  has  not  to  overcome  the  directive  force 
of  the  earth’s  magnetism,  and  we  have  thus  a  much 
more  delicate  indicator.  The  needle  is  suspended 
by  a  silk  fibre  a,  and  the  two  needles  are  firmly 
fixed  together  by  the  rod  B.  In  order  to  render 
the  least  movement  of  the  needle  visible,  an  exceed¬ 
ingly  thin  silvered  glass  mirror  o  (Fig.  235)  is  often 
attached  to  the  upper  needle  ;  a  beam  of  light  from 
a  slit  at  A  falls  on  the  mirror  c,  and  is  received,  after 


Fig.  235. — Light  reflected  from  mirror  above  astatic  needle. 

reflection,  on  a  scale  b.  Very  small  movements  of 
the  needle  are  thus  rendered  visible.  Fig.  235  shows 
the  mirror  c  attached  to  the  astatic  needle  n  n,  and 
the  way  in  which  the  light'  is  reflected.  This  type 
of  instrument  is  known  .as  the  Thomson  galvano¬ 
meter. 

These  reflecting  or  mirror  galvanometers  are  often 
made  with  a  single  needle,  and  then  are  frequently 
furnished  with  a  curved  control  magnet  which  can 
be  adjusted  above  the  coil  by  sliding  on  a  vertical 
rod.  This  avoids  the  inconvenience  of  having  to 
place  the  instrument  in  the  magnetic  meridian,  and 
enables  the  observer  to  control  the  sensitiveness  of 
the  galvanometer. 
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Id  all  the  galvanometers  hitherto  mentioned, 
the  coil  conveying  the  current  is  stationary  and  the 
magnet  moves.  In  another  type  of  instrument 
the  magnet  is  fixed  while  the  coil  is  suspended  in  the 
field  of  the  magnet,  and  therefore  moves  when  the 
current  is  in  circuit.  The  movement  is  transferred 
to  a  scale  by  a  mirror  or  pointer  as  usual.  This  type 
of  galvanometer  is  therefore  called  a  sus2)ended  coil, 
or  fnoving  coil,  galvanometer  ;  it  is  also  known  as 
the  D’Arsonval  galvanometer.  The  principle  upon 
which  it  depends  is  explained  later  (p.  376). 

In  order  that  the  formula  F  =  77iH  X  tan  6  may 
aive  not  merelv  a  relative  but  an  absolute  value  of 

the  current  measured,  we 
must  make  a  suitable  choice 
of  unit  <*urrc‘ut.  We  have 
already  referred  (p.  338)  to 
two  units,  the  absolute 
C.G.S.  unit  and  the  ampere, 
and  have  stated  that  the 
C.G.S.  unit  is  equal  to  10 
amperes.  We  now  define 
the  C.G.S.  unit  to  be  a 
current  which,  flowing  in  a  wire  1  cm.  long,  forming 
an  arc  of  a  circle  of  1  cm.  radius,  exerts  a  force  of 
I  dyne  on  a  unit  magnetic  pole  placed  at  the  centre 
(Eig.  236). 

If  there  are  /  units  of  current  flowing  in  the  wire 
the  force  exerted  will  be  I  djmes. 

If  the  length  of  the  wire  is  I  cm.  the  force  on  the 
needle  is  I  times  as  great  =  II  dynes. 

If  the  distance  from  the  pole  of  the  magnet,  that 
is,  the  radius  of  the  circle,  is  r  cm.,  the  force  dimin¬ 
ishes  as  the  square  of  the  distance,  and  therefore  is 

divided  by  and  =  dynes. 


Fig.  2S(r. — C*.  G.S.  cui-rent. 
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If  the  wire  consists  of  n  complete  turns,  I  will  be 
71  X  27r  'r,  and  the  force  becomes  X  I  dvnes. 


Ex.  :  Find  the  force  in  dynes  exerted  by  a  current  of 
80  amperes  (8  O.G.S.  units),  the  radius  of  coil  being 
20  cm.  and  having  10  turns. 


Force  in  dynes 


22. 

2  X  10  X  -yj 


X  8 


20 


176 

T 


—  25  T  4  dynes 


We  have  already  found  (p,  349)  that  the  force,  Jt\ 
of  a  current  which  produces  a  deflection,  0,  of  a  needle 
of  UTiit  pole  strength  (m  =  1)  is  given  hy  F  —  H  tan  0. 
If  H  is  in  dvnes  (=  0-185)  we  must  therefore  have 

2n7r 

-  X  I  ~  H  tan  0 

r 


I 


iflTr 


.  H  tan  0 


Thus  the  abtual  value  of  the  current  in  C.G.S. 
units  may  be  obtained  by  multiplying  the  tangent 


of  the  galvanometer  reading  by  the  factor 


2n7r 


.H 


■1 


This  is  therefore  called  the  reduction  factor  of  the 


galvanometer. 


The  quantity 


^ -  is  independent 

I  mr 


of  H,  and  is  known  as  the  galvanometer  constant. 
Since  we  know  (p.  338)  that  tv  —  z  1 1  we  can,  by 
passing  a  current  through  a  galvanometer  and  a 
voltameter  at  the  same  time,  obtain  both  values  of 
/,  and  by  equating  them  we  have 


w 
z  t 


tan  0 


In  this  way  the  reduction  factor  is  experimentally 
determined. 
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If  we  wisL  to  express  the  value  of  the  current  in 
amperes  we  must  multiply  the  galvanometer  con¬ 
stant  by  10,  and  the  reduction  factor  will  then 
5?' 

become  —  H.  Since  we  can  now  convert  our  de- 

niT 

flection  readings  to  amperes,  we  might  make  this 
conversion  once  for  all  and  calibrate  the  galvano¬ 
meter  accordingly  ;  the  instrument  then  becomes  an 
a^mneter.  In  use  the  ammeter  forms  part  of  the 
circuit  of  the  current  it  has  to  measure,  and,  since 
this  current  yaries  inversely  as  the  resistance  in 
the  circuit,  the  ammeter  itself  should  have  a  low 
resistance. 

A  dead-beat  m^7/^anlnieter  is  included  in  the  cir¬ 
cuit  for  medical  galvanism. 

Measurement  of  Resistance 

The  simplest  method  of  measuring  the  resistance 
of  a  conductor  is  the  method  of  substitution.  The 
conductor  is  placed  in  circuit  with  a  battery  and 
galvanometer,  and  the  deflection  noted.  The  con¬ 
ductor  is  then  removed,  and  an  adjustable  resistance 
substituted  for  it  by  means  of  a  rheostat,  or  a  set 
of  resistance  coils,  and  the  resistance  is  adjusted 
till  the  same  deflection  as  at  first  is  obtained.  The 
resistance  then  in  circuit  must  be  the  same  as  that 
of  the  conductor. 

In  one  form  of  rheostat  the  resistance  can  be 
varied  by  winding  or  unwinding  an  uncovered  German- 
silver  wire  (Fig.  237)  from  a  vulcanite  reel  a  on  to  a 
brass  cylinder  b,  the  resistance  being  determined 
by  the  length  of  wire  on  the  vulcanite. 

A  resistance  coil  consists  of  two  brass  blocks  a  k' 
I, Fig.  238),  connected  underneath  by  a  fine  insulated 
wire  c,  which  has  a  resistance  of  1, 10, 1,000,  etc.,  ohms, 
as  marked  on  the  instrument.  The  brass  blocks  are 
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mounted  on  vulcanite,  and  can  be  connected  by 
pushing  in  a  slightly  conical  brass  plug  d,  and  thus 
cutting  out  the  resistance.  When  the  plug  is  out 


(e),  the  current  passes  through  the  resistance  f  ; 
when  the  plug  is  replaced  (d),  the  current  passes 
through  the  plug,  whose  resistance  is  relatively  nil. 
Tliese  coils  are  used  singly  and  in  sets. 


%Vlieatstoiie^s  l>rid§-e.  —  The  resistance  of  a 
conductor  may  also  be  measured  by  Wheatstone’s 
bridge.  The  principle  of  this  instrument  is  illustrated 
by  Fig.  239.  R  is  a  resistance  which  can  be  varied, 
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X  is  an  unknown  resistance  to  be  determined,  r  and 
p'  are  resistances  which  can  be  made  of  some  con¬ 
venient  ratio  to  each  other,  as  1:1,  1  :  10,  1  :  100. 
Tlie  connections  are  all  made  with  thick  copper  wire 
of  negligible  resistance.  A  galvanometer  a  and  a 
battery  n  are  connected  as  seen  in  the  figure.  As 
seen  in  the  diagram,  the  current  enters  the  bridge 
at  A  and  leaves  it  at  c.  In  the  bridge  the  circuit  is 
divided  ;  part  of  the  current  flows  along  the  path 
A  D  c  through  tlie  resistances  r  and  x,  and  part 
Hows  along  ako  through  p  and  p'.  Two  points, 
D  and  K,  one  on  each  path,  are  found  which  are  at 
the  same  potential,  as  shown  by  the  fact  that  when 
connected  no  current  flows  from  one ,  to  the  other 
(p.  342).  Suppose  the  total  fall  of  potential  from 
A  to  c  to  be  El  4  E2  and  let  Ei  of  this  be  the  fall 
from  A  to  D,  or  from  A  to  K,  then  E2  must  be  the 
fall  from  d  to  c,  or  fi'om  K  to  c.  But  the  resistances 
in  the  two  sections  of  either  path  must  be  propor¬ 
tional  to  the  fall  in  potential  they  produce  ;  therefore 


therefore 


~  and  also 
A  tj2 

R  _  r 

X  "  P' 


P 

T 


As  the  ratio  p  :  p'  is  known,  and  R  is  also  known, 
X  can  readily  be  calculated. 

In  one  common  form  of  this  bridge,  a  German-silver 
wire  a  h,  of  high  resistance,  is  stretched  between  two 
thick  copper  plates  c  c  (Fig.  240).  At  R  a  known 
resistance  is  inserted,  and  at  x  the  unknown  resist¬ 
ance.  One  wire  from  the  galvanometer  can  be  made 
to  touch  the  wire  a  6  at  any  spot.  The  battery  is 
connected  as  shown  at  f  f,  which  correspond  to 
the  points  a  c  in  the  previous  explanation.  Contact 
is  made  between  the  galvanometer  and  a  h  until  a 


POST-OFFICE  BOX  ” 
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point  is  found  at  wiiich  no  deflection  of  the  needle 
is  observed  on  toucliing.  Tiiis  point  corresponds  to 
K  in  Fig.  239.  Then,  as  before,  p  :  p' : :  R  :  x.  ah  is 
furnished  with  a  scale,  so  that  the  lengths  p  and  p' 
can  be  read  off  ;  these  lengths  are  proportional  to 
the  resistances,  as  the  wire  is  of  uniform  resistance 
throughout. 

Another  very  convenient  arrangement  is  the  ‘  ‘  post- 
office  box,”  which  is  shown  in  Fig.  241.  p  and  p' 
are  two  sets  of  resistance  coils  of  10,  100,  and  1,000 
ohms  each,  so  that  p  :  p'  may  be  made  1  :  1,  1  :  10,  or 
1  :  100.  The  galvanometer  is  connected  to  the  key 


K,  which,  when  put  down,  connects  to  the  end  of 

р.  The  other  terminal  of  the  galvanometer  is  con¬ 
nected  to  G  L.  The  battery  is  coupled  to  the  key 
k',  which,  when  down,  connects  it  with  b,  the  brass 
block  connecting  p  and  p' ;  the  other  end  of  the 
battery  is  attached  to  b'  e  ;  x,  the  unknown  resist¬ 
ance,  joins  b'  e  with  g  l.  Compared  with  the  diagram 
of  Fig.  239,  the  points  b  and  b'  correspond  to  a  and 

с,  while  the  block  g  l  and  the  key  k  correspond  to 
the  points  i),  k.  We  have  therefore 

P'  __  P 

X  “  R 
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wliicli  leads  to  the  same  result  as  before.  In  deter¬ 
mining  X,  p  and  p'  are  first  made  equal  by  taking 
out  the  plugs  10  :  10.  Suppose  r  is  then  adjusted 
by  taking  out  plugs  till,  on  making  contact  with  the 
keys  K  and  k',  no  deflection, 'if  possible,  of  the  gal¬ 
vanometer  occurs ;  then,  since  p  =  p',  we  know  that 
K  =  X, 

It  will  often  happeji,  however,  that  we  cannot  at 
iirst  adjust  r  to  produce  no  deflection.  Suppose 


that  wlien  r  is  3  the  deflection  is  in  one  direction, 
and  that  when  r  is  4  the  deflection  is  in  the  other. 
\Ye  know,  then,  that  the  true  value  of  x  is  between 
3  and  4.  To  determine  the  first  decimal  place, 
we  replace  the  10  plug  in  p  and  remove  the  100 
plug,  so  that  p  is  now  10  times  p'.  We  know 
therefore  that  r  must  be  10  times  x,  and  will 
consequently  be  between  30  and  40.  Begin  with 
R  =  30,  and  then  try  31,  32,  etc.,  till  a  value  which 
gives  no  deflection  is  obtained.  Suppose  that  then 
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R  =  37  ;  this  gives  x  =  3-7.  If,  as  at  first,  we  cannot 
find  a  value  which  gives  quite  no  deflection,  but 
find  that  small  deflections  in  opp/osite  directions  are 
obtained  with  values  37  and  38,  we  then  make 
p  :  p't:  1,000  :  10,  and  proceed  as  before  r  will 
now  be  100  times  x,  and  will  therefore  be  between 
370  and  380.  Suppose  372  gives  no  deflection,  then 
X  =  3-72  ohms. 

The  values  of  specific  resistance  tabulated  on 
p.  341  show  how  widely  substances  differ  in  this 
property.  It  is  this  enormous  difference  between 
conductors  like  copper  and  non-conductors  like  mica 
that  enables  us  to  guide  electricity  along  any  path 


we  choose.  Thus,  Lehfeldt  states  that  a  current 
would  rather  travel  right  round  the  earth  by  a 
copper  wire  about  in.  in  diameter  than  pass 
through  a  thin  piece  of  mica. 

When  a  current  passes  through  several  resistances 
in  series,  it  is  evident  that  the  total  resistance  is  the 
sum  of  the  resistances.  Thus,  if  a  current  passes 
through  a  lamp  with  resistance  A,  a  heating  stove 
with  resistance  B,  and  a  second  lamp  with  resistamce 
0,  the  total  resistance  would  be  .4  +  R  + 

Coiidsictors  ill  pstrsillel  circuit* — -When  a 
current  divides  into  two  portions  carried  by  two 
conductors  in  parallel  circuit,  the  relative  current 
strengths  in  the  branches  will  be  inversely  propor¬ 
tional  to  their  resistance,  but  directly  proportional 
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Fig.  243. — Divided  cvirreiit. 


to  their  conductivity  or 
conductance,  which  is  the 
reciprocal  of  the  resist¬ 
ance.  If  the  current  arriv¬ 
ing  at  A  (Fig.  242)  divides 
and  proceeds  to  B  by  two 
paths  which  have  the 
respective  resistances  Rj 
and  Rg,  the  currents  and 
0-2  carried  by  these  paths 


are  by  Ohm’s  law 


Go  - 


£ 

R, 

E 

Ro 


where  R  is  the  difference  of  potential  between  the 
points  A  and  b  of  the  circuit, 

C^R^  =  E  =  C.R. 

.-.  G-^  \  '  R^  •  -^1 

but  if  G  be  the  total  current,  and  R  be  the  joint  re¬ 
sistance.  between  a  and  b,  we  know  that 

c 

^  ^  li 

and  G  =  Gj  -f  G2 

R  R^  ^  J?2 

I  _  1  I  _  i?2  + 

‘  R  Ri  R.  R^R2 


_  R^  R2 
■  ■  R^  +  Rj 

This  is  easily  extended  to  three  or  more  con- 
ductors  in  parallel  circuit ;  thus,  if  a,  b,  c  (Fig.  243) 
be  the  resistances  of  the  three  branches,  and  E  be 
the  potential  difference  between  the  two  ends  of  the 
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divided  circuit,  and  B,  the  joint  resistance  of  the 
divided  circuit,  we  know  that 

E.  ^ 

R 


~A  + 


E  E 
C 


R~  A'^ 


B  +  0 


We  have  also  shown  that 

=  a  n 

R 


^ 

Ro 


R^  +  7^2 
R, 


X  C 


X  C 


and,  similarlv,  ~  ..  „ 

•  ^  +  7?2 

Shunts.— This  division  of  a  current  enables  us 
fo  send  an  aliquot  portion  of  a  current,  instead  of 
the  whole  current,  through  a  galvanometer.  For 
this  purpose  a  wire  of  known  resistance  is  joined  in 
parallel  to  the  terminal  screws  of  the  galvanometers. 
This  wire  is  called  a  shunt.  If  the  resistance  of  the 
shunt  is  S,  and  of  the  galvanometer  G,  the  total 
resistance  R  of  the  shunted  galvanometer  is  given  by 

1  _  1  2 

^  R  ~  G  ^  S 

the  fraction  of  the  whole  current  going  through  the 

S 

(galvanometer  is  ^ and  the  fraction  going  through 

.  •  ^ 
the  shunt  is 


S  +  G 


S 


1 


It  is  usually  convenient  to  make  ^  or  gg,  etc. 
S  I 

If  —  ^  then  of  the  total  current  goes  through 
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the  galvanometer,  and  -/^ths  go  through  the  shunt  ; 


if 


99’ 


only  current  goes 


through  the  galvanometer,  A  shunt  of  this  kind 
is  associated  with  the  milliammeter  included  in  the 
galvanism  circuit  (p.  354),  so  that,  although  the 
instrument  only  reads  to  5  ma.,  it  can  really  measure 
up  to  50  ma. 

The  equation  from  Ohm’s  law  can  also  be  written 


R 


E 

G 


,  so  that  the  resistance  in  practical  unit^  can 


be  stated  as  volts  per  ampere.  Sometimes  the 
reciprocal  of  the  ohm  is  employed  as  unit  to  express 
the  conductivity  or  coiicliictaiice,  and  is  called 

1  C 

a  mho  {mho  is  oJi7n  spelt  backwards).  Since  ^ 


a  conductance  of  1  ampere  per  volt  is  equal  to 
I  mho.  If  a  20-candle  electric  lamp  take  0-7  ampere 
at  an  electrical  pressure  of  100  volts,  the  resist¬ 
ance  is  =143  ohms,  and  the  conductance 


2^ 

143 


mhos. 


This  principle  comes  into  daily  use  in  determining 
the  resistance  and  conductance  in  the  domestic  use 
of  electricity.  The  lights,  stoves,  etc.,  are  usually 
placed  in  parallel  circuit,  i.e.  crossing  from  the 
positive  wire  of  the  supply  to  the  main  wire  con¬ 
nected  with  the  negative  end. 


Ex.  :  If  a  supply  of  200  volts  feeds  20  lamps  of 
200  ohms  each,  a  cooker  of  80  ohms,  and  one  larger  lamp 
of  40  ohms,  coupled  in  parallel  circuit,  find  the  joint 

1 

conductance,  ete.  The  conductivities  ai-e  20  at 
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=  0-1  mho  ;  the  large  lamp  =  0-026  mho  ;  the  (30oker 
—  =  0-033  mho  ;  the  total  mhos  =  0-1  4  0-025  4-  0-033 


0-158  mho,  and  resistance 


1_^ 

0-lW 


=  6-33  ohms  ;  the 


current  tlowing  through  when  all  lights  were  connected 


would  be 


200 

6-33 


=  31-5  amperes. 


Board  of  Trade  unit. — This  unit  of  energy, 
for  which  in  London  no  greater  charge  than  8d. 
can  be  demanded — the  usual  charge  varies  from 
2d.  to  6d. — equals  3,600,000  joules  or  1,000  watt 
hours,  or  1-34  horse-power,  or  2,653,200  foot-pounds 
(see  p.  28). 

A  joule  =  the  work  done  per  second  when  a  current 
of  1  ampere  flows  through  a  circuit  between  the 
terminals  of  which  a  potential  difference  of  1  volt 
is  maintained,  and,  roughly,  =  0-737  foot-pounds. 

So  if  A  =  current  in  amperes, 

V  =  potential  in  volts, 

S  =  number  of  seconds, 

J  =  AVS. 


Ex.  :  LA  pressure  of  110  volts  is  maintained  between 
the  electric  light  mains  of  a  house,  and  20  glow  lamps 
in  parallel  circuit,  each  taking  a  current  of  0-3  amperes, 
are  turned  on  for  five  hours  each  night  for  20  nights. 
Find  the  energy  in  joules. 

20  X  0-3  X  110  X  5  X  3,600  x  20  =  237-6  million  joules. 

2.  Find  the  cost  per  hour  of  a  16-candle  lamp  which 
takes  2-5  watts  per  candle,  the  jwice  of  the  Board  of 
Trade  unit  being  6d, 

2-5 

R)05  ^  ^  ^  ~  ^  Q-bout  one  farthing. 


364  ELECTEICITY  AND  MAGNETISM  [party 

Measurement  of  Electromotive  Force 
E 

Since  C  —  the  measurement  of  E  can  be  made 

to  depend  upon  that  of  C  and  R  (which  we  have 
already  considered)  by  passing  a  current  through  a 
(urcuit  of  known  resistance  in  which  an  ammeter  is 
included.  If  we  connect  a  high-resistance  galvano¬ 
meter,  as  a  shunt,  to  two  points  of  this  circuit,  we 
should  be  able  to  see  what  deflections  corresponded 
to  different  known  values  of  G  (amperes)  and  R 
(ohms),  and  therefore  to  known  values  of  E  (volts). 
We  could  in  this  way  calibrate  the  shunted  galvano¬ 
meter  to  read  volts,  and  thus  convert  it  into  a  volt 
meter.  By  giving  to  the  shunted  galvanometer  a 
relatively  high  resistance  we  prevent  any  appreciable 
change  in  the  joint  resistance,  or  in  the  current,  of 
the  circuit.  E  can  also  be  determined  bv  com- 
parison  with  the  E.M.F.  of  a  standard  cell,  E^.  If 
the  two  cells  joined  in  series  produce  a  deflection  0, 
and  when  opposed,  in  the  same  circuit,  produce  a 
deflection  0^,  then  we  know 

E  +  tan  0 

E  —  Aj  tan  0^ 

and  therefore 

E  tan  0  -f-  tan  0^ 

Ai  tan  0  ~  tan  0^ 

whence  E  is  calculated. 

The  comparison  can  also  be  made  by  the  potentio¬ 
meter. 

Measureiueiil  of  a  current  l>y  the  i>oteutio» 
meter  (Fig,  244).— a  6  is  a  long  wire  of  German 
silver,  with  which  a  battery  of  two  Grove  cells  is 
connected,  so  that  the  cun’ent  flows  from  h  to  a. 
The  potential  in  the  wire  falls  from  a  maximum  at 
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h  to  a  minimuin  at  a.  Much,  iu  the  same  way,  if 
we  attach  a  long  narrow  tube  a  6  to  a  tall  cylinder 
full  of  water  (Eig.  245),  the  pressure,  owing  to  the 
friction  against  the  sides  of  the  tube,  will  gradually 


diminish  as  we  get  farther  away  ;  so  that  if  we  insert 
vertical  glass  tubes  t  t  t,  we  see  that  the  level  of 
the  water  steadily  sinks  as  we  approach  the  end. 
Now,  if  we  take  a  standard  Latimer-Clark  cell 


and  couple  one  pole  with  a,  so  that  the  current  flows 
in  a  direction  opposite  to  that  of  the  Grove  cell, 
introducing  a  galvanometer  into  the  circuit  (Fig.  244), 
and  then  with  the  wire  from  the  other  end  of  the 
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Latimer-Clark  cell  touch  the  wire  a  h,  until  we  find 
a  spot,  c,  where  the  galvanometer  indicates  no  current 
in  the  Latimer-Clark,  we  have  tapped  ofi  just  enough 
current  to  balance  the  standard  cell.  We  then 
measure  the  distance  a  c.  The  experiment  is  repeated 
with  the  cell  whose  strength  is  unknown,  and  we 
hnd  tlie  distance  is  a  c' ;  then  a  c  :  a  c'  ;  :  1-43  :  voltage 
of  the  unknown  cell  {see  Fig.  218,  and  p.  342). 

This  is  really  a  special  instance  of  the  divided 
(‘ircuit  (p.  359).  The  current  C  flowing  in  the  fine 
Avire  from  h  to  c  divides  at  c  into  two  portions,  C\ 
in  the  branch  c  u  of  the  fine  wire,  and  in  the  branch 
circuit  containing  the  cell  and  galvanometer  ;  A\^e 
therefore  know  that  if  'i\  be  the  resistance  of  c  a, 
and  To  that  of  the  branch  circuit. 


+  ^2 

but  if  E  is  the  E.M.F.  of  the  cell  in  the  branch  cir¬ 
cuit,  we  must  also  have,  when  no  current  passes 
through  the  galvanometer, 

E 


and  therefore  E  —  i'l  x  6 

Similarly,  Avlien  we  substitute  another  cell  whose 

E.M.F.  is  E',  and  find  that  the  contact  slider  must 
be  moved  to  c/  for  the  galvanometer  to  shoAV  no 
deflection,  we  liave 

E'  =  i\'  X  C 

where  is  the  resistance  of  ci  e  j  but  C  is  constant. 


therefore 


E  „  >5  __  a  c 

E'  ^  iV  ” 


since  the  wire  a  b  is  of  uniform  resistance  throughout. 

Since  the  E.M.F.  really  depends  upon  the  diherence 
between  the  potentials  of  the  two  terminals,  it  can 
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be  found  by  separately  determining  each  potential. 
Instruments  for  tliis  purpose  are  called  electro¬ 
meters.  The  quadrant  electrometer  is  a  standard 
form,  but  a  description  of  it  is  rather  outside  the 
scope  of  the  present 
manual.  The  capil¬ 
lary  electrometer 
can  be  used  to  detect 
a  small  difference  of 
potential  between  two 
points.  This  instru¬ 
ment  (Fig.  246)  was 
originally  suggested 
by  Lippmann.  A 
piece  of  small  glass 
tubing  is  thoroughly 
cleansed  with  10  per 
cent,  sulphuric  acid, 
washed  out,  and  dried. 

It  is  then  drawn  out 
into  a  very  fine 
capillary  tube  a  ;  the 
bore  should  be  so 
small  that  it  will  stand 
a  pressure  of  a  metre 
of  mercury  without 
leaking,  and  yet  be 
pervious.  This  is  filled 
with  mercury  and 
connected  with  a 
bottle  of  mercury  b,  which  can  be  elevated  so  as 
to  force  the  mercury  into  the  capillary.  The  capil¬ 
lary  dips  into  a  thin-walled  glass  tube  c  containing 
10  per  cent,  sulphuric  acid  and  some  mercury  , 
two  platinum  wires  p  and  p',  fused  into  the  glass, 
establish  contact  with  the  two  masses  of  mercury . 


Fig.  246. — Lippmann’s  capillary 
electrometer. 
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The  capillary  tube  is  so  placed  that  it  lies  close  to 
the  thin  wall  of  the  glass  tube,  where  it  can  be  viewed 
by  a  microscope  ;  it  presents  the  appearance  seen  in 
Fig.  246,  D. 

The  capillary  electrometer  is  an  indicator  of  poten¬ 
tial,  not  of  current.  If  p  and  p'  are  connected  with 
the  apex  and  base  of  a  frog’s  heart,  the  mercury 
meniscus  is  seen  to  move  with  the  electrical  variation 
which  takes  place  with  each  beat  of  the  heart.  If  r 
is  positive  the  mercury  moves  towards  the  point ; 
if  p  is  negative  the  motion  is  away  from  the  point. 
For  certain  purposes,  especially  in  physiology,  this 
instrument  is  invaluable  ;  its  movements  are  instan¬ 
taneous,  and  there  is  no  back-swing.  By  its  aid  the 
currents  developed  v  by  the  voice  when  speaking  to 
the  telephone  can  be  easily  demonstrated,  and  the 
movements  of  the  mercury  meniscus  can  be  photo¬ 
graphed.  When  not  in  use  it  is  most  important  to 
keep  the  wires  p  and  v'  in  metallic  connection  so  that 
the  instrument  is  short-circuited.  The  cause  of  the 
movement  is  that  the  surface  tension  between  the 
mercury  and  the  sulphuric  acid  is  altered  when  there 
is  a  difference  of  potential  between  p  and  p'. 

Thermal  effects.— When  a  current  passes  through 
a  resistance,  part  of  the  electricity  is  converted  into 
heat.  Thus,  in  the  ordinary  incandescent  electric 
lamp  the  current  passes  in  by  two  platinum  wires 
fused  into  the  glass  bulb,  through  the  delicate  carbon 
filament  of  high  resistance,  which,  owing  to  its  resist¬ 
ance,  becomes  wliite  hot,  giving  out  light  and  heat. 
The  intense  white  light  of  the  Nernst  lamj)  conies 
from  a  filament  of  yttria  and  zirconia  (two  rare  earths) 
raised  to  a  white  heat  by  the  electric  current,  to 
which  it  offers  great  resistance.  In  the  galvanic 
cautery  also  the  platinum  loop  is  heated  by  its  own 
resistance  to  the  current. 
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The  work  W  done  by  a  current  G  in  t  sec.  is  the  product 
of  the  quantity  {Ct)  of  electricity  carried  and  the  electro¬ 
motive  force  {E  =  G  JR). 

If  =  G  t  X  G  E  =  G‘\R.t 

but,  if  tliis  work  is  entirely  converted  into  heat  and  prO' 
duces  H  calories,  we  know  (p.  187)  that 

If  =  H.J 
G\R.t 

H  -  j 

where  J  =  4-2  x  Id'^,  wlien  G  and  R  ai*e  in  absolute 
units.  If,  however,  the  current  is  A  amperes  and  the 
resistance  is  O  ohms,  then  we  know  (p.  342)  that  R  = 

A 

0  X  10^,  and  (p.  338)  that  G  ~  —  and  l)v  substituting 

I  d 

these  values  we  find 

A-  X  O  X  ld9  X  t  A'^.O.t 
^  ~  102  X  4-2  X  10’  “  ”  4-2 

Or,  reverting  to  the  usual  notation,  we  find  that  the  heat 
H  in  calories  produced  by  a  current  of  G  amperes  flowing 

G^R  t 

for  t  seconds  througli  a  resistance  of  R  ohms  =  . 

G  can  therefore  be  determined  from  this  formula,  if  a 
coil  of  known  resistance  R  is  placed  for  a  known  time  t 
in  a  water  calorimeter,  and  the  rise  of  temperature  of  the 
water  observed. 

Besides  this  frictiojial  generation  of  Jieat  wiiich 
always  occurs  throughout  the  circuit,  other  thermal 
effects  have  been  recognized.  In  1822  T.  J.  Seebeck. 
noticed  that  a  current  was  produced  in  a  circuit 
composed  of  two  dissimilar  metals  when  one  junction 
was  hotter  than  the  other. 

If  a  bar  of  antimony  a  be  joined  to  a  bar  of  bismuth 
B  at  one  end,  and  the  two  free  ends  be  connected 
with  a  galvanometer,  then  when  the  junction  is 
warmed  a  current  will  be  set  up,  flowing  from  the 
antimony  to  the  bismuth,  through  the  galvanometer. 
If  a  num.ber  of  such  couples  be  connected  with  a 
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galvanometer  we  have  a  delicate  indicator  of  tem¬ 
perature,  the  tlieriiiopile  (Fig.  247).  A  similar 
arrangement  can  be  used,  instead  of  a  battery,  to 
produce  a  current. 

The  E.M.F.  due  to  this  cause,  or  the  thermo¬ 
electric  power  of  the  couple,  varies  with  the  metals, 
and  also  with  the  temperature  difierence  of  the 
junctions.  Indeed,  the  direction  of  the  current  may 
undergo  a  change  (thermo-electric  inversion).  Thus, 
copper  is  negative  to  iron,  that  is,  the  current  flows 
from  iron  to  copper  across  the  colder  junction,  and 
the  E.M.F.  increases  so  long  as  the  temperature  of 


the  hotter  junction  does  not  exceed  270°  C.  Above 
this  temperature,  the  neutral  'point,  the  E.M.F. 
diminishes,  and  vanishes  entirely  when  the  hot 
junction  is  as  much  above  270°  C.  as  the  cold  junc¬ 
tion  is  below  270°  C.  When  the  temperature  is  still 
further  raised,  copper  is  positive  to  iron.  Other  pairs 
of  metals  have  their  corresponding  neutral  points. 
In  1834  Peltier  observed  that,  when  a  current  is 
passed  round  a  circuit  of  two  dissimilar  metals,  heat 
is  absorbed  at  a  junction,  and  the  junction  is  therefore 
cooled,  if  the  current  is  in  the  same  direction  as 
would  have  been  produced  by  heating  this  junction. 
If  the  current  is  reversed  the  thermal  effect  is  reversed 
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and  tlie  jaiictioii  is  warmed.  This  Peltier  effect  is 
confined  to  the  junctions,  but  Thomson  (Lord  Kelvin) 
realized  that  the  cooservation  of  energy  necessitated 
compensating  thermal  effects  elsewliere,  and  was  able 
to  show  that  a  current  from  hot  to  cold  heat 

in  iron  but  evolves  heat  in  copper.  Tins  Thomson 
effect  occurs  in  the  ivires. 

Exercises 

1.  If  a  current  of  I  ampere  is  passed  through  a  wire  of 
resistance  4-2  ohms,  heat  is  produced  at  the  rate  of  1  calorie 
per  second.  Calculate  the  rate  at  which  heat  is  produced 
(i.)  if  the  resistance  he  doubled  but  the  current  unchanged, 
(ii.)  if  the  current  be  doubled  but  the  resistance  unchanged. 
Calculate  also  the  difference  of  potential  between  the  ends 
of  the  wire  in  the  three  cases.  [First  Professional.] 

2.  A  tungsten-filament  electric  lamp  carries  a  current  of 
0-2  ampere  when  the  potential  difference  between  its  ter¬ 
minals  is  20  volts.  If  this  difference  is  increased  to  100 
volts  the  current  only  increases  to  0-25  ampere,  but  the 
wire  becomes  white  hot.  What  conclusions  can  be  drawn 
from  these  facts  ?  [Ihid.] 

3.  An  ammeter  is  tested  by  sending  a  current  through  it, 
and  through  a  solution  of  copper  sulphate,  at  the  same  time. 
A  steady  current  of  nominally  1  ampere  is  maintained  for 
half  an  hour,  and  0-.55  grm.  of  copper  is  found  to  have  been 
deposited  in  this  time.  If  the  electro-chemical  equivalent 
of  copper  be  0-00033  grm.  per  coulomb,  what  is  the  error 
of  the  ammeter  ?  [Ihid.] 

4.  An  ammeter  of  resistance  3-6  ohms  is  provided  with  an 
external  shunt  of  resistance  0-4  ohm.  The  ammeter  indi¬ 
cates  1  ampere  ;  what  is  the  total  current  flowing  through 
the  circuit  ?  [Ihid.] 

5.  A  battery  of  2-i  volts  in  series  with  a  ta  ngent  galvano¬ 
meter  and  200  ohms  resistance  gives  a  deflection  of  45°.  By 
putting  into  the  circuit  an  additional  resistance  of  300  ohms 
the  deflection  is  reduced  to  30°.  Find  the  reduction  factor 
of  the  galvanometer.  [First  M.B.] 

(For  Answers,  see  p.  390.) 


CHAPTER  V 
ELECTRO-MAGNETISM 

Magnetic  Action  of  a  Current — Induced  Currents — I.enz’s 
Law — Dynamo — Telephone — Electro-Magnet — Induc¬ 
tion  Coil — Discharge  in  Vacuum  Tubes— Rontgen 
Rays  Exercises. 

sictioii  a  ciim'iit. — A  copper  wire 
in  which  a  current  of  electricity  is  flowing  not  only 
exerts  magnetic  force  upon  a  compass  needle  as 


N 


tig.  248.  Floating  cell  ns  a  Fig.  249. — Floating  cell  Avith 
magnet.  spiral  acting  as  a  compass  needle. 

already  described  (p.  347),  but  also  behaves  like  a 
magnet  in  other  respects.  * 

If  a  small  single  cell  be  floated  in  water  and  its 
poles  connected  by  a  hoop  of  insulated  copper  wire 
(Fig.  248),  the  cell  behaves  like  a  magnet  and  sets 
one  face  of  the  hoop  to  the  north  and  the  other^to 
the  south.  If  the  north  pole  of  a  bar  magnet  be 
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brought  near  the  face  of  the  hoop  which  looks  north, 
the  little  cell  will  be  repelled  and  float  away ;  then 
turning  itself  round,  it  rushes  on  the  magnet  with 
its  south-seeking  face  foremost. 

The  magnetic  properties  of  a  live  copper  wire  are 
also  very  clearly  shown  if  the  poles  of  the  floating 
cell  are  connected  by  a  horizontal  spiral  of  copper 
wire.  This  sets  itself  north  and  south  and  behaves 
just  like  a  compass  needle  (Fig.  249).  The  position 
of  the  poles  as  regards  the  direction  of  the  current 
agrees  with  Ampere’s  rule  (p.  348).  The  north- 
seeldng  face  of  the  loop  and  the  north-seeking  end 
of  the  spiral  will  be  found 
to  be  on  the  left-hand  of 
a  man  swimming  in  the 
wire  with  the  current,  as 
shown  by  the  arrow  (Fig. 

250),  with  his  face  always 
directed  towards  the 
centre  of  the  circle. 

Not  only  can  the  intro¬ 
duction  of  a  current  into  a 
coil  make  it  a  magnet,  but,  conversely,  the  introduction 
of  a  magnet  into  the  helix  of  a  coil  causes  a  current 
to  appear  in  the  coil.  This  is  an  iiiclitced  current. 
It  is  momentary,  and  is  produced  by  making  the 
circuit  wire  cut  the  lines  of  force  in  the  field  of  the 
magnet.  If  the  magnet  is  held  at  rest  in  the  coil  no 
further  current  is  produced. 

If  now  we  suddenly  remove  the  magnet,  a  second 
induced  current  is  produced  in  the  coil.  This  current 
is  also  momentary,  but  is  in  the  opposite  direction 
to  the  first  in  the  coil. 

In  these  and  all  similar  cases  the  direction  of  the 
induced  current  is  such  as  to  oppose  the  motion 
which  induced  it.  This  is  known  as  law.  It 


Fig.  250. — Kelatioii  between 
ctirrent  and  pole. 
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is  a  particular  example  of  Newton’s  Third  Law 
(p.  28).  The  current  induced,  for  instance,  by 
thrusting  a  norfh  pole  toivards  one  face,  or  end,  of 
the  coil  must  be  such  as  would  repel  a  north  pole, 
and  therefore  must  be  such  as  to  make  that  end  a 
north  pole  ;  hence  its  direction  can  be  determined 
by  Ampere’s  rule.  When,  however,  the  north  pole 
of  the  magnet  is  withdraivn  from  the  coil,  the  current 


induced  must  be  such  as  to  attract  the  north  pole 
back  again,  and  therefore  must  be  such  as  to  make 
this  end  of  the  coil  a  south  pole.  Hence,  it  must 
be  opposite  to  the  direction  of  the  first  induced 
current. 

Currents  induced  by  the  needle’s  own  movements 
are  utilized  to  bring  it  more  quickly  to  rest  in  the 
dead-heat  type  of  galvanometer. 

The  same  efiects  are  produced  if  the  magnet  is 
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stationary  and  the  coil  of  wire  is  moved  backwards 
and  forwards  through  the  magnetic  field  ;  or  if  the 
coil  is  made  to  rotate  so  that  the  wires  cut  the  lines 
of  force  of  the  magnet ;  and  thus  we  arrive  at  the 
principle  of  the  dynamo,  so  largely  used  at  the  present 
day  for  generating  electricity.  Whenever  a  copper 
wire  cuts  these  lines  of  force  an  electric  current  is 
generated  in  the  wire.  The  larger  the  number  of 
lines  cut  in  a  given  time  and  the  more  powerful  the 
magnetic  field,  the  stronger  is  the  current  produced. 

The  lines  of  force  due  to  the  earth’s  magnetism 
are  parallel  to  the  dif -needle  (p.  313).  A  copper 


hoop  held  with  its  plane  at  right  angles  to  the  dip- 
needle  will  inclose  the  maximum  number  of  these 
lines,  and  when  rotated  about  a  diameter  will  cut 
these  lines,  and  a  current  will  be  induced  in  the 
wire.  If  the  wire  be  mounted,  as  in  Delezenne’s 
circle  (Fig.  251),  so  that  the  currents  in  one  direction 
only  can  be  run  ofi,  this  can  be  detected  by  a  suit- 
able  galvanometer. 

If  a  copper  disc  (Fig.  252)  be  made  to  rotate 
beneath  the  magnet,  N.,  S.,  and  therefore  cuts  the 
lines  of  force  round  the  magnet,  a  current  is  thereby 
induced  in  the  disc  tending  to  make  the  disc  rotate 
in  the  opposite  direction  (Lenz’s  law),  but  to  urge 
the, magnet  pole  in  the  same  direction  as  that  which 


Fig.  253. — Barlow’s  s])ur  wlieel. 

niagnetic  field  experiences  a  force  urging  it  in  a 
definite  direction.  Tliis  direction  is  at  riglit  angles 
to  the  lines  of  magnetic  force  and  also  to  the  wire. 
The  wire,  in  fact,  is  urged  in  the  opposite  direction 
to  that  in  which  the  pole  would  be  moved  which 
Ampere’s  swimmer  faces.  In  Barlow’s  spur  wheel 
(Fig.  253),  when  the  current  enters  at  T,  which  is 
connected  with  the  mercury  in  the  little  trough  a, 
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the  disc  is  obliged  to  take  ;  the  magnet  accordingly 
soon  follows  the  disc  with  increasing  rapidity. 

A  dynamo  is  reversible.  If,  instead  of  rotating 
the  masses  of  copper  wire  in  the  magnetic  field  and 
so  producing  a  current,  we  pass  a  current  into  it 
the  coil  of  copper  wire  will  rotate. 

Every  wire  conveying  a  current  when  placed  in  a 
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and  passes  up  the  copper  spoke,  if  the  magnet  is 
placed  as  in  the  figure  the  spoke  will  be  urged  from 
A  towards  d  ;  as  each  spoke  in  turn,  when  it  touches 
the  mercury,  experiences  this  force,  the  wheel  rotates 
clockwise,  as  seen  by  the  reader.  On  reversing  the 
current  the  direction  of  rotation  is  reversed.  If 
the  position  of  the  magnet  be  reversed  the  respective 
rotations  are  reversed.  The  same  force  is  utilized 
in  the  electromotor  and  in  the  moving -coil  galvano¬ 


meter. 

The  (Fig.  254)  is  one  of 

the  most  useful  applications  of  these  induced  currents. 
A  permanently  magne¬ 
tized  steel  rod  A  is  placed 
in  a  wooden  case.  At  one 
end  of  the  magnet  is  a 
coil  of  insulated  copper 
wire  c,  the  two  ends  of 
which  are  brought 
through  the  wooden  case 
to  the  two  binding  screws 
s  s.  Close  to  the  end  of 
the  m  a  g  n  e  t  is  firmly 
clamped  a  circular  iron 


Fig.  254. — (jriaham-Bell 
te]e])hone. 


IS 


plate  B.  If  this  plate 
suddenly  moved  backwards  and  forwards,  induced 
currents  are  set  up  in  the  coil  of  wire.  These  currents 
pass  down  the  wires  and  produce  corresponding 
movements  in  the  iron  disc  of  a  second  similar 
telephone  connected  by  the  wires  with  the  first. 
The  reproduction  is  so  perfect  that  if  words  be  spoken 
to  the  first  telephone  they  will  be  audibly  reproduced 
by  the  vibrations  of  the  plate  of  the  second  telephone. 
The  currents  so  generated  can  be  demonstrated  by 
the  aid  of  the  capillary  electrometer. 

Elecfro-msii^'iiets.  -  A  piece  of  soft  iron,  round 
which  an  insulated  copper  wire  is  suitably  wound, 
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becumes  a  powerful  electro-magnet  (Fig-  255)  when 
a  current  is  sent  through  the  wire,  but  only  remains 
one  while  the  current  lasts.  The  polarity  of  its  ends 
varies  with  the  direction  of  the  current  and  accords 
with  Ampere’s  rule. 

A  live  circuit  can  also  behave  like  a  magnet  in 
inducing  a  current  in  another  circuit.  If  we  connect 
a  copper  wire  a  b  with  a  battery  and  a  key  (Fig.  256), 
and  bring  near  it  a  second  wire  c  d,  running  parallel 
to  A  B,  whose  ends  are  connected  with  a  galvanometer 


Fig.  255. — Electvo-inagnefc.  Fig.  25().— Induction  by  current. 


or  a  capillary  electrometer,  we  shall  see  that,  at  the 
moment  we  put  down  the  key  (make  the  circuit), 
and  the  current  flows  from  a  to  b,  a  momentary 
current  in  a  direction  opposite  to  that  in  a  b  is 
induced  in  the  wire  d  c.  As  long  as  the  current  in 
A  B  remains  constant,  nothing  further  will  happen  ; 
but  when  we  lift  the  key  and  break  the  circuit,  another 
momentary  current,  in  the  same  direction  as  that  of 
the  primary  current  in  a  b,  is  induced  in  c  d.  The 
strength  of  these  induced  currents  in  c  d  can  be 
greatly  increased  by  coiling  the  insulated  wires  A  b 
and  c  D. 
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This  induction  of  a  secondary  current,  in  a  closed 
coil  of  wire,  by  the  passage  of  a  current  through  a 
neighbouring  coil,  is  the  principle  of  the  induction 
coil.  One  form  much  used  in  the  physiological  labo¬ 
ratory  is  that  of  Du  Bois-Deymond.  The  frimary 
coil  is  composed  (Fig.  257)  of  comparatively  few 
turns  of  thick  insulated  copper  wire.  A  key  is 
inserted  in  the  primary  circuit  so  that  the  current 
may  be  made  or  broken.  The  secondary  coil  consists 
of  many  turns  of  thin  insulated  copper  wire,  and  is 
so  arranged  that  its  distance  from  the  primary  coil 
can  be  altered  {sledge  type).  If  the  ends  of  the  two 


Fig.  257.  —  Induction  coil  for  single  shocks. 


wires  of  the  secondar}/  coil  be  placed  on  the  tongue, 
a  distinct  shock  will  be  felt  when  the  current  in  the 
primary  circuit  is  made,  and  again  when  it  is  broken  ; 
the  break  shock  being  the  stronger. 

In  this  arrangement  the  make  and  break  are  made 
by  hand,  but  by  a  simple  automatic  device  a  con¬ 
tinuous  and  regular  series  of  makes  and  breaks 
is  made  by  the  current  itself — the  interrupted 
current.”  This  is  known  as  faradi nation*  The 
current  passes  from  the  battery  c  (Fig.  258)  to 
the  screw  s,  thence  by  the  steel  spring  p  to  the 
electro-magnet  m,  thence  to  the  primary  coil  a,  and 
I  finally  home  to  the  battery.  When  the  battery 
is  connected,  the  current  causes  the  electro-magnet 
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to  attract  the  little  Ihock  ol  iron  i  tixed  on  the 
spring  p.  Tills  breaks  the  contact  between  s  and 
p,  and  tlie  current  ceases ;  M  therefore  ceases  to 
attract  i,  and  the  spring  re-establishes  contact  be¬ 
tween  p  and  s,  when  the  cycle  of  events  is  repeated. 
Thus  an  automatic  series  of  makes  and  breaks  is 
set  up,  and  the  rate  at  which  they  take  place  is 
governed  by  the  rate  of  vibration  of  the  spring  p. 
The  primary  coil  is  usually  filled  with  soft-iron  wires, 
which  increase  tlie  inductive  effect  by  becoming 
magnetized  and  demagnetized  at  each  make  and 

breaJ'i.  In  some  coils  these 
iron  wires  are  utilized  to 
attract  the  vibrating 


spring,  instead  of  having  a 
special  electro-magnet  as 
above.  Wires  are  better 
than  a  solid  rod,  as  in 
the  latter  local  magnetic 
effects  would  tend  to  de¬ 
lay  the  sudden  changes 
in  magnetism  required  to 
produce  the  m  a  x  i  m  u  m 
effect. 


Fig.  Faradization. 


The  general  appearance  of  the  coil  is  seen  in 
Eig.  259.  For  single  shocks  the  wires  from  the 
battery  are  inserted  in  screws  1  and  2 ;  for  the 
automatic  break  or  faradization  the  screws  3  and  4 
are  used.  A  modified  effect  can  be  obtained  by 
joining  1  and  3  with  a  thick  wire,  screwing  up 
screw  7  into  contact  with  the  spring  and  with¬ 
drawing  5.  The  primary  circuit  is  then  never 
broken  completely,  but  only  short-circuited  when 
the  vibrator  touches  the  screw  7  {Helmholtz  modifi¬ 
cation).  The  secondary  coil  is  movable,  and  its 
distance  from  the  primary  can  be  read  off  on  the 
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scale,  the  maximum  efiect  being  attained  when  the 
coils  overlap. 

Extra  ciirr<‘ lit.— When  a  current  is  sent  through 
a  wire  which  has  been  wound  into  a  coil,  the  successive 
layers  of  the  coil  act  by  induction  on  each  other 
and  produce  a  momentary  current  in  the  coil,  which 
is  opposed  to  the  primary  current  at  the  make.” 
A  second  current  would  be  generated  at  “  break,”  in 
the  same  direction  as  the  primary,  if  the  circuit 
were  not  broken  wdien  the  key  was  opened. 

This  extra  current  explains  the  difference  between 
the  strengths  of  the  make  and  break  in  the  Du  Bois- 
Reymond  coil.  When  tlie  current  is  made  in  the 


primary  coil,  it  is  opposed  by  its  own  self-induced 
extra  current,  running  in  the  opposite  direction,  and 
so  does  not  attain  its  full  strength  at  once  ;  but, 
on  breaking,  the  potential  falls  suddenly  from  a 
maximum  to  zero.  Now,  the  strength  of  the  induced 
current  depends  not  only  on  the  change  in  the 
potential  in  the  primary,  but  also  on  the  rapidity 
with  which  tliis  change  is  established.  If  the  potential 
mounts  slowly,  the  secondary  current  developed  is 
much  weaker  than  when  the  increase  or  decrease 
is  instantaneous.  So  at  the  make,  as  the  current 
is  opposed  by  its  own  extra  current,  the  full  potential 
is  not  immediatelv  attained  ;  but  at  the  break  the 
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potential  falls  at  once  to  zero,  and  the  break  shock 
in  the  secondary  coil  is  much  stronger.  Medical 
treatment  in  which  these  induced,  or  faradic,  cur¬ 
rents  are  used  is  called  farad  ism. 

In  the  Helmholtz  modification  (Eig.  260)  the  extra 
current  at  break  is  not  abolished,  and  being  in  the 
same  direction  as  the  primary  it  tends  to  tail  off  the 
fall  of  the  potential.  This  2)rimary  faradic  current  is 
occasionally  employed  in  faradisni ;  having  a  much 
higher  voltage  than  the  battery  current,  it  is  able 
to  flow  through  a  derived  circuit,  including  the 


Fig.  260. — Helmholtz 
modification. 


Fig.  261. — Euhmkorff  coil. 


patient,  though  the  battery  current  keeps  to  the 
primary  coil. 

In  the  Kiiliiiikorft'c'oii  the  secondary  coil  is  not 
movable,  but  is  fixed  in  the  position  of  maximum 
efficiency.  By  this  means  an  E.AI.F.  of  20  volts  can 
be  increased  to  several  thousand  or  more  volts,  the 
increase  depending  roughly  on  the  ratio  of  the  number 
of  turns  of  wire  in  the  two  coils.  In  a  huge  coil 
made  for  the  late  Mr.  Spottiswoode  the  copper  wire 
of  the  primary  coil  was  660  yards  long,  whilst  that 
of  the  secondary  was  280  miles.  The  diameter  of 
the  wire  was  :  in  the  primary  0-096  in.,  in  the 
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secondary  0*0001  in.  This  gave  a  spark  over  40  in. 
long. 

One  form  of  Rnhmkorff  coil  is  shown  in  Fig.  261. 
The  current  from  the  battery  enters  at  h'  and  passes 
to  the  commutator  and  key  {see  Fig.  225),  thence 
through  the  primary  coil  by  the  wires  f  and  /',  thence 
to  the  lever  centred  at  l,  which  forms  the  automatic 
breaker  and  maker  of  the  current.  One  end  of  this 
lever  dips  into  the  mercury  cup  m  ;  the  other  end  has 
a  piece  of  soft  iron  attached  to  it,  which  is  pulled 
down,  when  the  current  passes,  by  the  iron  core  of 
the  coil  ;  from  the  mercury  the  current  passes  to  the 
screw  h,  and  then  to  the  battery.  The  ends  of  the 
primary  coil  are  also  associated  with  the  two  coatings 
of  a  condenser  wliich  lies  in  the  wooden  box  on  which 
the  coil  rests.  This  condenser  is  composed  of  layers 
of  tinfoil  separated  by  layers  of  paper  soaked  in 
paraffin  wax.  Alternate  sheets  of  tinfoil  are  con¬ 
nected  together  and  correspond  to  one  coating  of 
a  Leyden  jar.  The  condenser  is  charged  by  the  direct 
current  at  make,  and  this  swings  back,  as  it  were,  in 
the  form  of  an  inverse  current  at  break.  Thus,  the 
condenser  suppresses  the  extra  current  at  break  but 
not  at  make,  and  so  renders  the  induced  current 
at  break  the  more  effective  of  the  two.  a  and  b 
are  the  ends  of  the  secondary  coil,  and  are  connected, 
when  the  coil  is  in  use,  with  the  two  points  between 
which  the  spark  is  required  to  pass. 

An  induction  coil  may  be  looked  upon  as  an 
instrument  for  transforming  a  moderate  E.M.F. 
into  an  enormous  E.M.F. ,  transforming  upwards. 
It  is  obvious  that  we  might  use  it  the  other  way 
round  and  transform  a  potential  of  some  thousands 
of  volts  down  to  100  or  200  volts.  Transformers  are 
actually  used  in  this  way  for  domestic  purposes. 
It  is  found  more  economical  to  transmit  currents  of 
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hidi  voltage  and  transform  them  down  to  100  or 
200  volts  before  they  enter  the  houses,  to  be  used 

for  domestic  lighting,  etc.  .  •  -i 

The  discharge  from  a  powerful  induction  coil 

resembles  a  miniature  lightning  flash,  and  is  accom¬ 
panied  by  a  sharp  snapping  sound.  If  the  discharge 
passes  through  a  tube  partly  exhausted,  it  takes  the 
form  of  a  narrow  pale  violet  ribbon  of  light,  wmich 
connects  the  two  electrodes.  As  the  exhaustion 
proceeds,  we  have  the  tube  filled  with  an  aurora¬ 
like  glow,  the  colour  depending  on  the  nature  oi  the 
minute  qiiaiititv  of  the  residual  gas,  as  m  the  well- 
known  Geissler*  tubes.  If  a  more  perfect  pmp,  as 
a  Sprengel,  or  double  Fleuss,  be  used,  we  notice,  when 
the  pressure  is  reduced- to  something  like  0-01  mm. 
of  mercurv,  that  the  dark  space  surrounding  t  ie 
negative  electrode  seems  to  increase  in  area 
It  occupies  the  whole  of  the  tube.  The  walls  of 
the  tube  then  appear  to  be  phosphorescent,  but  the 
colour  of  the  light  varies  with  the  nature  of  the 
Mass.  Tubes  of  ordinary  soda  glass  have  a  yello wish- 
green  glow.  If  the  tube  be  made  of  lead  glass  the 
o-low  is  bluish.  This  phosphorescence  can  be  im- 
uarted  to  many  other  substances  besides  glass,  it 
appears  to  be  produced  by  the  impact  of  minute 
negatively-charged  particles  (electrons)  travelling  with 
very  high  velocities.  The  charge  on  an  electron  has 

been  estimated  at  -  coulombs.  These  particles 

seem  to  be  projected  from  the  kathode  in  directions 
normal  to  its  surface.  Their  emission  constitutes 
kathode  rays.  If  we  enclose  m  the  tube  some  speci¬ 
mens  of  crystallized  alumina  (in  the  form  of  sapphires 
or  rubies)  and  interpose  them  in  ^he  path  of  the 
kathode  rays,  they  glow  with  a  rich  red  light. 

The  property  of  endowing  certain  substances  with 
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phosphorescence  is  useful  in  detecting  and  demon¬ 
strating  the  presence  of  the  rays.  They  are,  however, 
stopped  by  some  opaque  objects,  and  a  metal  plate  in 
the  path  of  the  rays  throws  its  shadow  on  the  wall  of 
the  tube  (Fig.  262).  The  obstacle  is  heated  by  the 
impact  of  the  particles.  The  rays  can  be  deflected 
by  a  neighbouring  magnet. 

These  rays  had  been  frequently  observed  and 
described  before  it  was  discovered  that  they  were 
not  always  stopped  by  a  solid  substance,  but  could 
pass  through  very  thin  aluminium  foil,  for  instance. 


Fig.  262. — Vacuum  tube,  showing  shadow. 
A,  Anode  ;  k,  kathode. 


The  fact  seems  to  have  been  first  observed  by  Hertz, 
and  was  afterwards  completely  confirmed  and  estab¬ 
lished  by  Lenard.  Hence,  kathode  rays  which  have 
emerged  in  tliis  way  through  a  suitable  gate  in  the 
vacuum  tube  are  sometimes  known  as  Lenard  rays. 

Even  when  the  kathode  ray  is  stopped  by  the 
solid  wall  of  the  tube,  the  destruction  of  the  kinetic 
energy  in  the  impact  does  apparently  give  rise  to 
another  variety  of  radiation,  external  to  the  tube. 
This  was  detected  in  1895  by  Rontgen,  and  these 
rays,  at  first  called  -rays,  are  now  alscs  ternxed 
Roiitgren  rays, 
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They  excite  phosphorescence  in  many  substances, 
such  as  barium  platino-cyanide,  but  they  differ  in 
many  respects  from  the  ordinary  kathode  rays. 
They  possess  a  considerable  power  of  penetrating 
many  solid  substances.  They  pass  easily  through 
the  flesh  of  the  hand  or  arm,  for  instance,  but  not 
nearly  so  well  through  the  bones.  Hence,  when  the 
hand  is  held  between  a  barium  platino-cyanide  screen 
and  a  Rontgen  tube  (Fig.  263),  a  dark,  well-defined 
shadow  of  the  bones  is  seen  by  an  observer  on  the 
other  side  of  the  screen,  through  which  he  sees  the 


A,  Anode;  antikatbode  ;  k,  kathode.;  p,  palladium  wire. 

hand.  At  the  same  time  the  presence  of  any  opaque 
foreign  body,  such  as  a  needle  or  a  bullet,  is  clearly 
demonstrated,  and  the  apparatus  is  now  in  general 
use  for  locating  such  bodies. 

The  kathode  and  anode  (Fig.  263,  k,  a)  are  made 
of  aluminium  ;  the  antikathode  (Fig.  263,  n)  is  of 
copper  coated  with  platinum  (or  tantalum)  ;  the 
concave  kathode  focuses  the  kathode  rays  approxi¬ 
mately  on  N,  and  their  bombardment  of  the  anti¬ 
kathode  gives  rise  to  the  X-rays. 

These  rays  affect  a  photographic  plate  even  when 
the  plate  is  wrapped  in  light-proof  paper,  or  enclosed 
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in  a  wooden  box.  If  such  a  plate  be  substituted 
for  the  screen,  and  afterwards  developed  in  the  ordi¬ 
nary  way,  ])ermanent  radiographs  may  be  printed 
from  them  as  usual. 

Rontgen  rays  are  not  refracted  ;  they  do  not  seem 
to  be  deflected  by  a  magnet,  but  when  they  fall 
upon  a  charged  electroscope  the  gold  leaves  collapse. 
The  rays  apparently  discharge  the  electroscope  by 
endowing  the  air  with  the  power  to  conduct  elec¬ 
tricity.  This  power  is  not  usually  possessed  by 
air  or  any  gas. 

After  continued  use  the  focus  tube  becomes  even 
more  highly  vacuous,  or  hard  ;  it  is  therefore  often 
provided  with  a  palladium  wire  (Fig.  263  p),  which, 
when  warmed,  has  the  property  of  absorbing  gas 
from  the  flame,  and,  when  cold,  giving  it  up  in  the 
tube,  which  thus  becomes  soft. 

Exercise 

Calculate  the  horse-power  of  the  engine  required  to 
drive  a  dynamo  designed  to  supply  a  house  with  enough 
current  at  100  volts  "pressure  to  light  100  lamps  in  parallel, 
each  of  200  ohms  resistance,  together  with  2  motors  in  series 
taking  2  amperes.  (1  horse-power  =  746  watts.) 

(For  Answer,  see  p.  390.  ) 


ANSWERS  TO  EXERCISES 


Part  1 

Chapter  1 

1.  (a)  80  ft.  per  sec.  ;  [h)  48  ft.-  sec.  (a)  80  ft.  ;  {b)  144  ft. 

2.  (a)  1  yd.  per  min.  =  0-05  ft.-sec.  ;  {h)  I  yd.  per  min.  per 

min,  =  ttVt)-  ff-  ^  —  —105  (nearly)  ft.-sec.  per 

sec. 

Chapter  II 

1.  120  poundals :  16  x  10^  dynes.  2.  4  poundals. 

3.  60-8125  grm.  ;  61-8125  grm.  4.  m  =  12-5  grm.  ;  v  = 

]0« 

40  cm.  per  sec.  5.  (1)  sec.  ;  (2)  times  the  weight 

of  the  bullet.  6.  300  ft.-lb.  ;  9,000  ft.-poundals  ;  300 

poundals. 

Chapter  111 

10  ,  ,, 

L  l6v/3  at  ao""  to  the  ^ertical.  2.  100 tt  ;  — kilos 

■  TT 

.3-H3  kilos,  nearly  3.  60  ft.-lb.  per  sec.  —  0-109  h  p.. 
nearly 

Chapter  IV 

L  46-6  lb.  2.  13-7  grm.,  nearly.  3.  2-4;  0-Sl, 

nearly.  4.  25-93  tons  wt.  5.  666-6  cub.  metres. 

Chapter  V 
1.  5-7  cm.  2.  71  dynes  per  cm. 

Chapter  VI 

C  0-0049  grm.,  nearly.  2.  12  cm.  3.  0-1125  grm.  per 
litre.  4.  27, ft.,  nearly.  5.  2-76  lb.  per  sq.  in.,  nearly. 

Part  II 

Chapter  I 

1.  °  Fahr.,  98-4,  39-2,  -37-84,  674-06,  60  ;  "  Cent.,  36-89,  4, 
—  38-8,  356-7,  15-55;  '‘Reaumur,  29-51,  3-2,  —31*04,  285-36, 
12*44.  3.  74-06°,  nearly. 
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Chapter  II 

1.  O-OOOS  per  deg.  Centigrade.  2.  45V  grm.  3.  74-696'^  C, 
4.  Steel,  GO  cm.  ;  brass,  40  cm.  6.  The  clock  gains 
20-736  Secs,  per  day  of  24  hours. 

Chapter  III 

1.  2,851,200  calories.  2.  6  =  0-45'^  C.  3.  k  —  0-0(.5]84. 
4.  32.400  large  Calories  ;  635-3  kilcgim.  of  steam. 

Chapter  IV 

1.  14-81  grm.  ;  92-8  grm.,  nearly.  2.  11-0  grm.  3. 

124  grm.  4.  540-3,  nearly.  6.  1817-5.  7.  933-.3  grm. 

Chapter  V 

4.  7 ’25*^,  nearly. 

Chapter  VI 

1.  48,000  lb.-°  C. -calories.  2.  T7  kilometres,  nearly.  3. 
5,840,  nearly. 

Part  Ill 

1.  343-04  metres  per  sec.  2.  1129-3  ft.  per  sec.,  nearly. 
3.  6-56  in.,  19-68  in.,  nearly.  4.  331-4  metres  per  sec., 
nearly.  5.  572,  nearly. 


Part  IV 

Chapter  I 

I.  Concave  ;  J  —  16  cm.  2.  The  new  position  is  the 
centre  of  curvature ;  object  and  image  will  now  be  equal. 
3.  At  41-4-J  cm.  and  58-58  cm.  distances  when  on  opposite 
sides  of  the  screen  ;  at  241-42  cm.  and  341-42  cm.  distances 
when  on  the  some  side  of  the  screen. 

Chapter  1 1 

J.  3-45  cm.  from  the  lens  ;  x  7|.  2.  7-2  iii.  from  lens  ; 

inverted,  x  5.  3.  See  Fig.  4  (p.  21),  o  p  =  10,  a  o  =  16, 

p  A  o  is  the  critical  angle.  4.  (i.)  50  cm.  ;  (ii.)  00  ;  (iii. ) 
—  25  cm.  5.  /=  42|  cm.  ;  2;^  dioptres  ;  convex.  6.  Con^ 
cave  glasses,  /  =  —  6  in. 

Chapter  III 
2.  6-25. 


1.  1-532. 
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Part  V 

Chapter  I 

1.  0-02  dyueti.  2.  fi.)  1-99;  (ii.;  i)0.  3,  480.  4,  ;  j'g. 

5. 

Chapter  II 

!.  M6o  :  I.  2.  4674-.5  ;  4009.  3.  10  :  i>. 

Chapter  1 1 1 

1.  60-372  grm,  2.  1*47  amperes;  0-18,  neariy,  in  re¬ 
versed  direction.  3.  2  amperes  ;  600  coulombs  ;  2  (thick). 

6  (thin).  4.  2,089  c.c.  .5.  (i.)  0-2(i  amperes  ;  (ii.)  0-8 

amperes  ;  quantities  of  heat  produced  in  the  two  cases  arc 
as  1  to  3.  0.  0-191  amperes,  nearly.  7.  32-8  microhms, 

nearly. 

tjHAPTER  IV 

1.  (i.)  2  cals,  per  sec.  ;  (ii.)  4  cals,  per  sec.  ;  4-2,  8-4,  8-4 
volts.  2.  The  resistance  of  the  lamp  unlit  is  100  ohms, 
but  the  working  resistance  when  incandescent  is  400  ohms. 
3.  The  error  is  8  per  cent,  and  is  positive.  4.  10  amperes. 
5.  0-005124. 


7  h.p. 


Chapter  V 


PART  VI.— PRACTICAL  PHYSICS 


Ivr  the  study  of. Physics  a  course  of  experiments  is  as 
indispensable  as  is  a  course  of  dissection  in  the  study  of 
Anatomy.  In  either  case  the  knowledge  obtained  without 
practical  work  has  no  reality  or  permanence.  The  student 
is  therefore  earnestly  advised  to  seek  every  opportunity 
not  only  of  carefully  examining  the  instruments  employed 
in  physical  measurements,  but  also  of  making  these 
measurements  himself  with  the  utmost  possible  precision. 
He  should  also  make  a  clear,  illustrated  record  of  each 
measurement,  and  will  find  it  convenient  to  do  this  in  a 
quarto  note-book  of  squared  paper. 

Section  I, — Measurement  of  a  linear  mag:nitude 
(leng:th,  thickness,  etc.) 

This  is  one  of  the  earliest  exercises  undertaken  by  the 
student,  and  is,  indeed,  so  familiar  that  the  full  importance 
of  it  is  hardly  realized.  It  is  the  foundation  of  many 
subsequent  measurements,  and  its  accurate  estimation  is 
of  the  greatest  value.  A  length  is  generally  measured 
in  the  first  instance  by  comparison  with  a  suitable  scale. 
The  student  may  use,  for  instance,  a  metre,  or  |^-metre, 
scale,  showing  centimetres,  and  may  find  that  the  required 
length  is  between  29  cm.  and  30  cm.  It  is  therefore 
29  cm.  and  some  fraction  of  a  centimetre.  The  deter¬ 
mination  of  this  fraction  of  the  smallest  scale  division  is 
effected  (a)  by  eye  estimation,  or  (&)  by  the  use  of  a  vernier. 
The  student  should  practise  both  methods,  record  the 
hvo  estimates,  and  note  how  (a)  improves  with  practice. 
The  vernier— so  named  after  the  inventor— is  a  small 
sliding  scale  graduated  in  divisions  which  bear  a  special 
relation  to  those  on  the  larger  scale,  which  the  vernier  is 
intended  to  supplement.  Fig.  264  shows  a  common 
type  of  vernier,  associated  with  the  scale  of  cm.  and  mm. 
The  large  scale  shows  that  the  height  of  the  column  to 
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be  measured  is  ratlier  more  than  29-2  cm.  It  is  not. 
29-3  cm.  ;  it  is  not  even  29-25  cm.  A  practised  eye 
would  see  that  it  was  barely  29-23  cm.,  but  the  vernier 
is  intended  to  determine  this  second  decimal  place  quickly 
and  accurately.  For  that  purpose  it  must  read  to  ^  cm. 
or  mm.,  that  is  to  of  the  smallest  division  on  the 
large  scale.  This  length  must  therefore  he,  as  we  shall 
presently  see,  the  difference  between  a  scale  division  and 
a  vernier  division.  To  construct  this  vernier,  then,  a 
length  is  measured  equal  to  9  scale  divisions  (mm.),  and 
this  is  separated  into  10  divisions  ;  thus, 

10  vernier  divisions  =  9  scale  divisions  =  9  mm. 

.-.  1  vernier  division  =  scale  division  =  0-9  mm. 

1  scale  division  )  _  ^  _  (M 

vernier  division  i  '  " 


t  ig.  204. — Vernier. 
Cm.  scale  X 


To  use  this  vernier,  we  now  bring 
the  zero  of  the  vernier  to  the  point 
to  be  measured,  and  then  note  which 
division  on  the  vernier  most  nearly 
coincides  horizontally  with  a  division 
on  the  scale.  In  Fig.  264  this 
is  the  division  numbered  2.  The 
additional  length  over  and  above 
29-2  cm.  which  we  could  not  read 
accurately  without  the  vernier  is 
now  seen  to  be  the  difference  be¬ 
tween  2  scale  divisions  and  2  vernier 
divisions,  and  therefore  to  be  0-2  mm. 
The  second  decimal  place  is  therefore 
2  and  the  height  of  the  column  is 
29-22  cm. 

The  vernier  used  with  the  inch  scale 
of  standard  English  barometers  is  of 
a  somewhat  special  type.  On  the 
main  scale  (Fig.  265),  each  inch 
is  subdivided  by  longer  lines  into 
tenths,  and  by  shorter  lines  into 
twentieths,  of  an  inch.  A  length 
equal  to  24  of  these  smallest  scale 
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divisions  is  graduated  into  25  divisions  for  the  vernier, 
therefore 


25  vernier  divisions 
1  vernier  division 
1  scale  division 
—  1  vernier  division  i 


=  24  scale  divisions 
=  1^4  scale  division 


2.4  irj 

2  0 

in. 


—  _2_4_ 
500 


1 

2  5 


5  00 


in. 


0-002  in. 


This  vernier  therefore  reads  to  0-002  in.,  and  for  every 
single  vernier  division  included  in  the  reading  we  count 
2  in  the  third  decimal  place.  For 
every  five  vernier  divisions  so  in¬ 
cluded  we  must  therefore  count  5 
times  this,  or  1  in  the  second  deci¬ 
mal  place.  As  seen  in  the  figure, 
only  every  fifth  division  is  num¬ 
bered,  and  these  numbers  therefore 
give  the  second  decimal  in  the  read¬ 
ing.  The  intervening  unnumbered 
divisions  represent  2,  4,  6,  or  8  in 
the  third  place.  The  reading  in  the 
figure  is  shown  by  the  main  scale 
to  be  rather  more  than  29-25,  but 
less  than  29-3.  The  twelfth  division 
on  the  vernier  appears  to  coincide 
most  closely  with  a  scale  division. 

The  addition  to  the  reading  is  there¬ 
fore  12  X  0-002  =  0  024 ;  a  2  in  the 
second  place  for  the  two  fives,  and  a 
4  in  the  third  place  for  the  two 
single  divisions.  The  complete  read¬ 
ing  is  therefore  29-274  in.  The  limit 
of  error  allowed  in  a  measurement 
will  generally  not  exceed  1  per  cent. 

It  follows  that  if  the  length  to  be 
measured  is  small,  the  instrument 
employed  must  be  so  constructed  as 
to  show  proportionately  small  differ- 
ences.  To  measure,  for  instance,  265.— Vernier  of 

the  thickness  of  a  coverslip,  or  the  standarrl  barometer. 
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diameter  of  a  fine  wire,  the  scale  and  vernier  of  Fig.  264 
would  be  much  too  coarse.  To  measure  lengths  of  this 
order  the  laiicrosiaetor  screw  (Fig.  266)  is  employed. 
In  one  often  used  the  'pitch  (p.  42)  is  0*5  mm.,  so  that 
one  complete  tui  n  of  the  screw  alters  the  distance  be¬ 
tween  the  fixed  point  a  and  the  end  of  the  screw  by 
0-5  mm.  When  these  are  in  contact,  the  zero  line  on  b 
should  join  the  line  c. 

Suppose  we  wish  to  ascertain  the  thickness  of  a  cover- 
glass.  The  screw  is  withdrawn  until  we  can  introduce 
the  glass  between  a  and  the  end  of  the  screw ;  the 
graduated  head  is  turned  until  the  pressure  of  the  screw 
is  just  sufficient  to  support  the  weight  of  the  glass  ;  the 
thickness  is  then  ascertained  as  follows  :  The  number  of 


Fig.  206. — Micrometer  screw  gauge,  with  enlargement  of  B  and  c. 


complete  turns  is  indicated  on  the  scale  at  c,  which  is 
uncovered  as  the  screw  is  withdrawn.  Each  division  so 
uncovered  represents  0-5  mm.  The  circumference  of  b 
is  often  separated  into  25  divisions,  and  of  these  every 
fifth  division  from  zero  is  numbered  1.  2,  etc.  Each 
numbered  division  represents  one-fifth  of  a  turn,  and 
therefore  alters  the  distance  between  a  and  the  screw  end 
by  0*1  mm.  Each  unnumbered  division  therefore  represents 
one-fifth  of  this  =  0-02  mm.  In  Fig.  266  the  screw  has 
completed  three  turns  all  but  half  of  an  unnumbered 
division,  and  the  length  measured  is  therefore  1-5  mm.— 
0-01  mm.  =  1-49  mm. 

By  increasing  the  length  of  the  ckcumference  B,  we  are 
able  to  increase  the  number  of  graduations  and  make 
the  instrument  still  more  delicate.  This  plan  is  adopted 
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in  the  si>liei*oinetei*.  This  is  a  little  tripod,  the 
micrometer  screw  a  (Fig.  267)  forming  a  fourth  leg.  The 
triangle  formed  by 
joining  the  extremi¬ 
ties  of  the  three  fixed 
legs  is  equilateral,  and 
the  point  of  the  screw, 
in  the  zero  position, 
is  on  the  plane  of 
this  triangle  and  at 
its  centre  of  gravity. 

If  the  micrometer 
screw  projects 
beyond  this  plane 
the  instrument  rocks 
w  h  e  n  touched.  By 
gently  withdrawing 
the  screw  the  rocking 
ceases,  so  that 
this  rocking  forms  a 
delicate  test  as  to 
when  the  micrometer  bpherometer. 

screw  and  the  three 

legs  all  touch  the  surface,  whether  plane  or  curved, 
on  which  the  instrument  rests. 

The  spherometer  is  first  tested  by  placing  it  on  a  flat 


Fig,  268. — Enlargement  of  b  and  C  in  Fig,  267. 


surfaee,  such  as  a  piece  of  good  plate-glass.  When  the 
micrometer  screw  is  withdrawn  so  that  the  rocking  just 
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ceases,  the  zero  line  on  the  divided  scale  b  should  join  the 
zero  line  on  the  vertical  scale  c.  Usually  two  complete 
turns  raise  or  lower  the  screw  one  millimetre,  so  that  one 
turn  head  is  graduated  into  50  numbered 

divisions,  so  that  each  division  =  0-01  mm.,  and  each  of 
these  50  divisions  is  subdivided  into  five  unnumbered 
ones,  each  of  which  =  0-002  mm. 

In  order  to  determine  the  radius  of  curvature  of  a 
convex  lens,  the  screw  is  withdrawn,  so  that  the  three 
fixed  legs  of  the  instrument  rest  upon  the  curved  surface 
of  the  lens.  The  micrometer  screw  is  then  gently  advanced 
until  the  rocking  indicates  contact,  when  the  height  of 
the  screw  above  the  plane  of  the  equilateral  triangle  is 
read  off  on  the  two  scales.  From  this  reading,  the  radius 
of  the  sphere,  of  which  the  lens  ma}^  be  supposed  to  form 
a  part,  can  be  calculated.  If  d  be  the  reading,  a  the 
length  of  a  side  of  the  fixed  equilateral  triangle,  and  r 
the  radius  of  the  sphere,  we  can  prove  by  Euclid  VI.  8 


d{2,r  —  d)  and,  therefore,  that 


r 


+ 


d 

2 


We  can  thus  measure  the  surface  {4:Trr^),  the  volume 

(  and  the  curvature  (~)  of  the  sphere.  Hence  the 

name  of  the  instrument.  With  the  spherometer  we  can 


therefore  determine  the  focal  length  (  2^  ^  convex, 

or  concave,  spherical  mirror.  Similarly,  we  can  determine 
the  focal  length  of  a  convex  or  concave  lens,  by  finding 
the  radii  of  curvature  of  its  faces,  if  we  know  also  the 
refractive  index  of  the  glass  of  which  the  lens  is  made. 
In  calculating  r  from  the  given  formula  the  student 
must  always  be  careful  to  express  the  quantities  a,  d, 
r  in  terms  of  the  same  unit  of  length. 

The  following  exercises  will  illustrate  the  use  of  these 
instruments.  Both  the  practical  and  the  intellectual 
value  of  such  exercises  is  much  increased  by  their  appli- 
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cation  to  definite  problems.  Such  applications  are 
therefore  suggested  in  many  cases,  and  the  student  is 
advised  to  discover  others  for  himself.  Every  instrument 
should  be  carefully  handled  and  replaced  in  its  case  after 
use.  In  turning  the  screw,  the  milled  head  should  be 
held  lightly  between  finger  and  thumb,  and  the  motion 
stopped  directly  the  desired  contact  is  felt ;  undue 
pressure  will  strain  the  screw  and  introduce  a  zero  error. 
If  the  instrument  already  has  an  error  of  this  kind,  it 
must  be  noted  and  the  reading  corrected  accordingly.  The 
entry  in  the  note-book  should  show  hoth  readings. 

1.  Measure  both  in  ceyitimetres  and  in  inches  the 
diameter  of  a  penny,  and  the  length  and  width  of  a 
visiting  card. 

From  your  measurements,  find— 

(a)  The  number  of  centimetres  in  a  foot, 

(&)  „  „  ,,  inches  „  metre, 

and  compare  your  values  with  those  stated  on  p.  4  of 
this  Manual. 

2.  Find  with  the  micrometer  screw — 

(а)  The  thickness  of  a  single  visiting  card  ; 

(б)  The  combined  thickness  of  5  or  10  similar  cards. 
Calculate  from  (6)  the  average  thickness  (c)  of  a  card. 
Compare  (c)  with  {a)  and  note  the  variation  from  the 
mean  value,  in  the  individual 
measured.  '  Expressed  as  a  per¬ 
centage  of  the  mean  value,  this 

c  —  a 

variation  is  -  x  100,  and  is 

c 

positive  or  negative  according  as 
the  individual  is  thicker  or 
thinner  than  the  average. 

3.  Repeat,  with  the  sphero- 
meter,  the  measurements  (a)  and 
(6)  of  the  previous  exercise, 
and  compare  the  results  obtained  with  the  two  instru¬ 
ments. 

4.  Find  by  means  of  the  spherometer  the  radii  of 
curvature  of  both  faces  of  a  double  convex  lens.  Calling 


Fig.  269. — Calculating 
area  of  triangle. 
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these  radii  ri,  7' 2,  and 
assuming  that  the 
refractive  index,  /jl, 
of  the  glass  is  1-5, 
calculate  the  focal 
length  (/)  of  the  lens 
from  the  formula — 

1  _ 

7  “ 

{/.i  —  1)  ( ~+  ) 

'I  '2 

5.  Mark  the  rim  of  a  penny 
with  a  knife-blade  or  a  small 
three-square  file.  Hold  the  coin 
vertical  with  the  mark  in  contact 
with  some  point  on  a  piece  of 
paper ;  roll  it,  without  slipping, 
along  a  straight  line  on  the  paper, 
till  the  mark  again  makes  contact 
with  the  paper.  Note  the  second 
point  of  contact,  measure  the  dis¬ 
tance  between  the  two  points,  and 
so  obtain  the  length  of  the  circum¬ 
ference  of  tlie  coin. 

Calculate  the  length  of  the  cLr- 
cumference  of  the  same  coin  from 
its  diameter  by  the  formula — 
Circumference  =  27r  r. 

diameter  22 
r,  the  radius,  =  — — ^ y 

An  area  is  the  product  of  two 
linear  magnitudes,  and  therefore  in¬ 
volves  no  new  measurement.  The 
following  are  useful  examples  : — 

6.  Calculate  the  area  of  one  face 
of  a  penny  from  the  formula — 

Area  of  a  circle  =  tt 
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Fig.  270. — Callipers. 


Express  the  area  both  in  square  centimetres  and  in 
square  inches. 
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Find  from  your  results— 

(a)  The  factor  for  converting  sq.  in.  into  sq.  cm. 

jl=  6-4516],  and 

(b)  The  reciprocal  of  this,  namely,  the  factor  for 

converting  sq.  cm.  into  sq.  in.  [=  0-156]. 

7.  Calculate  the  area  of  a  visiting  card. 

Area  ==  length  x  width 

8.  Determine  the  area  of  a  triangular  piece  of  paper. 

base  X  vertical  height  b  x  h  ^ 

Area  =  - ^ ^  (Fig.  269.) 

9.  Also  calculate  the  areas  in  Ex.  6,  7,  8  by  laying 
the  coin,  card,  etc.,  on  your  squared  paper  and  counting 
the  number  of  squares  covered. 


10.  Calculate  the  area  of  the  curved  surface  of  a  cylinder, 
brass  tube,  etc. 

Area  =  2iv  r  x  height 

11.  Calculate  the  area  of  the  surface  of  a  sphere. 

Area  =  47r 

The  diameter  of  a  sphere  can  be  determined  by  callipers 
(Fig.  270),  or  by  means  of  two  square  blocks  of  wood  and 
a  scale  (Fig.  271). 

12.  Calculate*  the  area  of  the  surface  of  a  cone. 

Area  =  tt  r  s  (Fig.  272.) 

A  voiJiiiie  is  the  product  of  three  linear  magnitudes, 
or  of  one  area  and  one  linear  magnitude,  and  therefore 
involves  no  new  measurement.  The  following  are  useful 
examples  of  bodies  having  a  regular  figure : — 
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13.  Calculate  the  volume  of  a  sphere  (a)  in  c.c.  :  (b)  in 
c.  in.  4  TT  r® 

Volume  =  — r — 

O 

Find  from  your  results  the  factors  for  conversion  of 
(a)  to  (6),  and  vice  versa  [0  061  and  16-387]. 


Fig. 


273. — Pipette,  iiieasiiring  Hask, 


-g) 

■i> 


Burette 
and  burette. 


14.  Calculate  the  volume  of  a  cylinder. 

Volume  =  base  x  height  =  tt  h 

15.  Calculate  the  volume  of  a  cone  (Fig.  272). 

Volume  =  ^‘ 

o 

16.  x41so  calculate  the  volume  of  one  or  more  of  the 
above  solids  by  the  displacement  method  (2,  p.  55). 
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In  the  volumetric  manipulation  of  liquids  are 

employed  to  deliver,  and  ineasuriiig'-Aai^ks  to  contain, 
the  volumes  specified  on  the  vessels  (Fig.  273).  By 
noting  the  initial  and  final  graduations  at  which  the 
level  of  a  liquid  stands  in  a  biirett^*  the  volume  of  any 
portion  withdrawn  can  be  m'easured. 

The  accuracy  of  the  graduations  on  these  instruments 
is  tested  by  weighing  the  volumes  of  distilled  water, 
at  known  temperature,  which  they  respectively  contain 
or  deliver.  The  true  volume  corresponding  to  this 
weight  can  be  found  from  tables. 

The  calihralion  of  the  burette  is  effected  similarly  by 
weighing,  say,  5  c.c.  from  different  places.  The  water 
is  placed  in  a  weighed  stoppered  bottle  for  weighing, 
since  it  tends  to  evaporate  and  lose  weight  in  the 
process. 

The  next  exercise  requires  the  use  of  the  baBaiice. 
This  instrument  deserves  to  be  treated  with  the  utmost 
consideration  by  the  student  of  science,  for  there  is  no 
single  instrument  to  which  science  is  more  deeply  indebted. 
The  student  must,  however,  remember  that  to  preserve 
the  accuracy  and  therefore  the  value  of  a  balance,  certain 
precautions  must  never  be  neglected.  No  substance 
must  be  placed  on  the  scale  pan  that  might  act  on  the 
metal  of  the  pan,  and  so  alter  its  weight.  A  clean,  dry 
dish,  or  other  vessel,  or  a  single  block  of  metal  like  a 
brass  weight,  may  be  placed  upon  the  pan  ;  but,  as  a  rule, 
the  substance  to  be  weighed  must  be  placed  not  upon 
the  pan  itself  but  upon  a  weighed  or  counterpoised  dish, 
watch-glass,  or  other  convenient  receptacle.  If  the  sub¬ 
stance  is  a  liquid,  it  is  weighed  in  a  stoppered  bottle  to 
prevent  evaporation.  This  precaution  must  also  be  taken 
in  weighing  a  solid  like  iodine,  which  emits  a  vapour 
injurious  to  the  metal  of  the  balance.  It  is  usual  to 
place  the  substance  to  be  weighed  in  the  left  pan  and  the 
weights  in  the  right ;  no  alteration  must  ever  be  made 
in  the  weight  on  either  pan  while  the  pans  are  actually 
in  suspense ;  this  must  only  be  done  when  the  beam  has 
been  lowered,  and  the  pans  are  resting  on  the  supports 
in  the  floor  of  the  balance  case.  It  need  hardly  be  added 
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that  the  balance  and  its  case  must  be  kept  scrupulously 
clean ;  any  particles  of  dust,  etc.,  accidentally  admitted 
should  be  carefully  removed  with  a  camel-hair  brush 
kept  for  this  purpose.  When  the  pans  are  nearly  balanced 
the  oscillations  are  slow,  and,  ceteris  paribus,  the  more 
delicate  the  balance  the  slower  the  swing.  The  student 
should  therefore  learn  to  weigh  by  the  method  of  oscilla¬ 
tions.  To  do  tliis  he  must  note  the  sensibility  of  the 
balance.  As  the  pans  oscillate,  a  pointer  attached  to 
the  beam  travels  over  a  scale  at  the  foot  of  the  balance 
pillar.  When  exactly  balanced  the  pointer  would  in 
time  come  to  rest  over  the  central,  or  zero,  division  on 
the  scale.  If,  however,  the  balance  is  not  quite  exact,  but 
the  weight  on  the  right  pan  is  a  milligramme  too  much, 
the  pointer  will  come  to  rest  somewhere  to  the  left  of  the 
true  zero.  The  exact  point  will  vary  with  the  sensibility 
of  the  particular  balance.  Suppose  this  displacement  of 
the  zero  position  amounts  to  two  scale  divisions.  Having 
determined  this,  we  can  weigh  quite  as  accurately  and 
far  more  quickly  by  reference  to  the  displaced  zero  instead 
of  adjusting  the  weights  till  they  balance  about  the  true 
zero.  Suppose,  for  instance,  that,  when  the  pans  nearly 
balance,  we  see  that  the  pointer  oscillates  between  the 
fourth  division  on  the  right  and  the  sixth  on  the  left ; 
it  would,  therefore,  in  time  come  to  rest  one  division  to 
the  left  of  the  true  zero — and  therefore  on  this  balance 
the  weight  in  the  right  pan  is  half  a  milligramme  too 
much.  Hence  the  true  weight  is  known. 

• 

Section  H. — Exercises  in  the  Determination 
of  Specific  Gravity 

17.  Find  the  weight  in  grammes  of  the  regular  solids 
measured  in  Ex.  13,  14,  15,  and  then  deduce  the  specific 
gTavity  of  the  material  of  each  by  method  1  on  p.  55. 

18.  Weigh  20  to  50  grm.  of  lead  shot  and  determine 
the  specific  gravity  of  lead  by  dropping  the  shot  into  a 
burette  containing  water,  and  noting  the  rise  in  the  level 
of  the  water  (displacement  method,  p.  55). 

19.  Find  the  specific  gravity  of  a  glass  stopper,  a 
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piece  of  lead,  or  iron,  by  the  method  of  Archimedes 
(p.  56). 

20.  Find  the  specific  gravity  of  lead  shot  by 
weighing  in  a  specific-gravity  bottle  filled  with  water 
(p.  59). 

21.  Find  the  specific  gravity  of  a  florin  by  Nicholson’s 
hydrometer  (p.  60). 

22.  Assuming  that  the  given  brass  weight  consists  of 
an  alloy  of  pure  zinc  with  pure  copper,  calculate  the  per¬ 
centage  composition  of  the  alloy  {a)  by  weight,  and  (6) 
by  volume,  using  the  table  values  of  the  specific  gravities 
of  zinc  and  copper. 

23.  Determine  the  specific  gravity  of  alcohol  by  the 
common  hydrometer  (p.  62). 

24.  Find  the  specific  gravity  of  a  specimen  of  alcohol 
by  the  specific-gravity  bottle  (p.  63). 

25.  Determine  the  specific  gravity  of  alcohol  by  Hare’s 
apparatus  (p.  64). 

26  Bend  a  glass  U-tube,  place  mercury  in  one  limb 
and  water  in  the  other.  Measure  the  heights  of  the 
columns  of  mercury  and  of  water  above  a  horizontal 
line  drawn  through  their  common  surface.  Calculate 
their  respective  gravities,  knowing  that  the  heights  vary 
inversely  as  the  specific  gravities. 

Section  Hi,  -  Measurement  of  Gaseous  Pressure 
— Verification  of  Boyle’s  Law — Measure  = 
ment  of  ^  —  Correcting-  the  Reading  of 
a  Barometer  —  Capillarity  —  Diffusion  of 
Gases 

27.  Place  some  water  in  the  U-tube  used  in  Ex.  26, 
and  attach  one  limb  of  the  U-tube  to  the  gas  supply  by 
an  indiarubber  tube.  Turn  on  the  gas  and  measure  the 
pressure  in  millimetres  of  water. 

28.  Verify  Boyle's  law  by  the  apparatus  (Fig.  60, 
p.  104). 

Introduce  a  convenient  quantity  of  air  in  bulb  a,  level 
the  mercury  in  the  two  tubes  a  and  b,  and  read  the  volume, 
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Vi,  of  gas  ;  then  raise  B,  read  off  the  difference  of  level,  h, 
in  the  mercury  in  the  two  tubes,  and  add  the  atmospheric 
pressure,  H,  to  this  difference.  Tabulate  the  results  in 
three  columns,  as  below  : — 


V 

p 

V  X  P 

Pi 

H 

Fi  X  H 

V, 

H  +  h 

Pa  X  (H  +  h) 

Care  should  be  taken  not  to  handle  the  tube  a,  so  as  to 
avoid  errors  from  alterations  in  temperature. 

Make  several  determinations,  and  note  that  the  values 
obtained  for  the  product  F  P  in  the  third  column  are 
nearly  constant. 

29.  Make  a  series  of  experiments  with  Atwood’s  machine 
as  described  on  pp,  22  and  23.  Calculate  in  each  case  the 
value  of  g  from  the  equation  B  g  ~  (2P  +  R)  a. 

30,  Determine  the  value  of  g  from  the  time  of  vibration 
of  a  simple  pendulum,  as  described  on  p.  49. 

By  changing  the  length,  I,  of  a  simple  pendulum  obtain 
different  values  of  t,  the  period  of  vibration,  and  show 
. 

that  —  is  constant.  Tabulate  your  results  thus  : — 


1 

1 

1 

1 

31.  Verify  the  parallelogram  of  forces  by  means  of  the 
apparatus  shown  in  Fig.  10  (p.  34).  Two  weights  are 
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attached  to  the  ends  of  a  string  which  passes  over  two 
pulleys.  A  third  weight  is  attached  to  the  string  at  some 
point  between  the  pulleys.  The  sum  of  any  two  of  the 
weights  must  be  greater  than  the  third.  When  the  three 
weights  are  in  equilibrium,  place  a  drawing-board  in  a 
vertical  position  behind  the  string,  and  trace  on  the  board 
the  directions  of  o  a  and  o  b.  From  o  draw  a  vertical 
upward  straight  line,  and  on  it  measure,  from  o,  a  length 
representing  the  weight  r  on  any  convenient  scale.  From 
the  point  so  obtained  draw  straight  lines  parallel  to  a  o, 
B  o,  completing  the  parallelogram  of  forces.  Measure 
two  adjacent  sides  of  this  parallelogram.  Their  lengths 
should  represent  in  magnitude  the  forces  p  q,  acting  at 
o,  to  which  they  are  respectively  parallel,  on  the  same 
scale  as  the  vertical  diagonal  represents  their  resultant,  e. 

32.  When  one  of  the  three  weights  of  Ex.  31  has  a  given 
value,  apply  the  parallelogram  of  forces  to  find  the  values 
of  the  other  two. 

33.  Calibrate  a  given  rod  to  be  used  as  a  steelyard  with 
movable  fulcrum. 

34.  Find  the  coefficient  of  sliding  friction  of  w'ood 
against  wood. 

35.  Reading  the  Barometer  (p.  91) 

(1)  See  that  the  barometer  tube  is  vertical. 

(2)  Adjust  the  level  of  the  mercury  in  the  cistern  till 
its  surface  just  touches  the  ivory  point  which  ends  the 
scale. 

(3)  Adjust  the  bottom  of  the  vernier  to  touch  the  toj) 
of  the  mercury  column,  taking  care  that  the  eye  is  at 
the  same  level. 

(4)  Read  the  height,  with  the  vernier,  in  inches  and  in 
millimetres. 

(5)  Read  the  temperature. 

(6)  Correct  the  reading  for  temperature  by  Table  IV.  (p. 
430)  ;  that  is  to  say,  find  the  true  height  of  the  mercury 
column  at  0°  C.  In  order  that  the  student  may  also  be 
able  to  make  this  correction  without  the  assistance  of 
the  Table,  we  shall  now  explain  the  calculation  in  detail. 
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If  Ht  be  the  true  height  of  the  mercury  column  at 
C.  and  Hq  the  height  of  the  same  column  at  0°  0.,  then 

I  ^0  I  the  coefficient  of  cubical  ex- 

1,  ^  Hq  ~~  (pansion  of  mercury  for  1°  C. 

=  0-00018 

whence,  Z/j  =  Hq  (1  +  0-00018^) 

5 

For  1°  F.  the  coefficient  is  0-00018  ^  g  ~  0-0001,  and  if 

the  tejji})erature  is  t°  F.  the  formula  becomes 
Ht  =  Ho  [1  +  0-0001  {t  —  32)] 

By  either  formula  we  can  make  the  required  correction 
for  the  temperature  of  the  mercury  above  zero.  If, 
however,  the  height  of  the  barometer  is  registered  on  a 
brass  scale  which  was  correctly  graduated  at  0°  C.  and 
extends  to  the  foot  of  the  column,  a  further  correction 
will  be  required  for  the  expansion  of  the  brass.  If  It  is 

the  actual  reading  at  t°  C.,  a  length  of  It  brass  at  0°  C. 
must  have  increased  to  a  length  Ht  at  t°,  and  therefore 


1 


^  _  I  the  coefficient  of  linear  ex- 
h  ~  1  pansion  of  brass  for  1°  0. 

=  0-00001894 


whence,  Ht  =  (1  +  0-00001 894^) 

5 

For  1°  F.  the  coefficient  is  0-00001894  x  g=  0-0000105227, 

and  therefore  the  formula  is  not  simplified  in  this  case. 
By  equating  the  two  values  of  Ht  we  combine  the  two 

corrections,  and  obtain 

{1  +  0-00001894^ 


H, 


I 


^  (1  +  0-00018^} 

Ex. :  The  barometer  reading  is  30  in.  when  the  tem¬ 
perature  of  the  mercury  is  15°  C.  (=  59°  F.).  Find  the 
reduced  reading  at  0°. 

Since  It  ~  30  in.,  and  t  ^  15,  we  have 


H, 


30  {1-0002841} 
1-0027  " 


=  29-928  in. 
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Hence  the  correction  to  be  applied  to  the  reading  in  this 
case  is  30  —  29-928  =  0-082  in. 

Table  IV.  (p.  430)  is  constructed  in  this  way,  and  this 
correction  will  be  found  in  the  vertical  column  under 
the  reading  30  in.,  and  in  a  horizontal  line  with  the  tem¬ 
perature  59°  F.  The  correction  has  to  be  subtracted  from 
the  reading,  and  therefore  has  a  minus  sign  prefixed  to 
it  in  the  table.  If  It  is  expressed  in  centimetres,  the 
corresponding  correction  will  be  ob¬ 
tained. 

36.  Measure  by  the  siphon  baro¬ 
meter,  fitted  up  as  in  Fig.  274,  the 
vacuum  produced  by  the  au?-pump. 

37.  Draw  a  graph  of  Table  IT. 

(p,  428). 

Gapillakity 

38.  Heat  a  piece  of  glass  tube  in 
the  blowpipe  flame'  till  it  is  quite 
soft,  then  take  it  out  of  the  flame 
and  pull  it  into  a  capillary  tube. 

In  this  way  make  some  capillary 
tubes  of  various  sizes.  Break  off 
lengths  of  2  in.  to  3  in.  and  observe 
the  heights  to  which  various  fluids 
— ink,  alcohol,  etc. — will  rise.  Ob¬ 
serve  also  the  effect  of  inclining  the  pjg.  274.  —  Measuring 
tubes  (p.  80).  vacuum  of  air-])urap. 

39.  Given  the  surface  tension  of 

water,,  determine  the  radius  of  a  capillary  tube  by 
measuring  the  height  that  water  rises  in  the  tube. 

40.  Compare  the  surface  tensions  of  two  liquids  by  the 
capillary-tube  method. 

Diffusion  of  Gases 

41.  Fill  a  gas  jar  with  carbon  dioxide,  cover  it  with  a 
plate,  and  invert  a  jar  of  ordinary  air  over  it  (p.  75), 
Remove  the  plate,  and  allow  the  two  jars  to  remain  in 
communication  for  half  an  hour.  Test  for  .COg  in  the 
upper  jar  with  solution  of  calcium  hydrate. 
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Section  IV. — Heat 

Expansion  of  Solids,  Liquids,  and  Gases 

1.  Demonstrate  the  increase  in  length  of  a  brass  or 
iron  bar  or  rod  when  heated  as  shown  in  Fig.  275.  One 
end  of  the  bar  b  rests  on  a  ledge  against  a  firm  support 
at  A,  the  other  end  rests  on  a  needle  n  supported  by  a 


block  c.  One  end  of  the  needle  is  thrust  through  the 
straw  s.  On  warming  the  bar  b  with  a  Bunsen  burner 
its  length  increases  and  the  needle  is  rolled  over,  the 
movement  being  magnified  by  the  straw,  the  upper  end 
of  which  moves  to  the  right. 

2.  Prove  by  Gravesande’s  ball  and  ring  (p,  109)  that  a 
sphere  increases  in  size  when  heated. 

3.  Heat  a  compound  bar  of  brass  and  iron  and  observe 
that  the  more  expansible  metal  takes  tlie  longer  side  of 
the  curve  (p.  125). 

4.  Determine  the  exact  increase  in  tlic  length  of  a 
rod  of  brass  1  metre  long  for  a  rise  of  temperature  of  50° 
(20°-70°)  with  the  aid  of  a  spherometer  (pp.  122  and  395). 

5.  Determine  the  mean  coefiicient  of  expansion  of 
water,  alcohol,  etc.,  between  two  temperatures  by  filling 
a  specific -gravity  bottle  with  the  liquid  at  these  two 
temperatures,  and  weighing  the  bottle  with  its  contents 
(pp.  63  and  126), 
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6.  Fill  a  large-bulbed  thermometer  witli  boiled  distilled 
water  (p.  Ill),  and  observe  carefully,  with  the  aid  of  a 
scale,  the  alteration  in  the  volume  of  the  water  when 
cooled  from  10°  0.  to  0°  C.  (p.  131).  Note  carefully  at 
what  temperature  water  attains  its  smallest  volume  or 
maximum  density. 

7.  Fit  a  small  flask  with  a  cork  and  upright  glass  tube ; 
fill  the  flask  with  water  and  insert  the  cork  and  tube ; 
mark  the  position  of  the  surface  of  the  liquid  in  the  tube  ; 
then  plunge  the  flask  suddenly  into  hot  water.  Note  the 
drop  of  the  fluid  in  the  tube  owing  to  the  expansion  of 
the  glass  flask  before  the  fluid  begins  to  expand. 

8.  Fill  a  graduated  glass  gas-tube  one-third  full  with 
mercury,  add  an  equal  volume  of  water,  close  the  mouth 

of  the  tube  with 
the  thumb  and 
invert  in  a  trough 
of  mercury.  After 
a  time  note  the 
temperature  of  the 
tube,  and  then  cal¬ 
culate  the  real 
volume  of  the 
dry  air  at  0°  and 
760  mm.  (pp. 
132  and  428). 

Determination  of 
Melting-Point 

AND 

Boiling-Point 

9.  Determine  the 
melting  -  point  of 
various  substances 
—  wax,  paraffin 
wax,  naphthalene, 

Fig.  276. — Determination  of  boiling-point.  described 

on  p.  149. 

10.  Plot  a  cooling  curve  for  the  given  solid,  and  mark 
the  melting-point  on  your  curve. 
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IL  Verify  the  zero  point  of  a  Centigrade  thermometer 

(p.  111). 

12.  Assuming  the  bore  of  the  given  thermometer  to  be 
uniform,  find  the  error  in  the  reading  at  the  temperature 
of  the  laboratory. 

13.  Determine  the  boiling-point  of  various  liquids — 
water,  alcohol,  etc. — by  the  apparatus  shown  in  Fig.  27fi. 
Note  the  height  of  the  barometer. 

14.  Insert  a  little  ether  in  a  bent  tube  closed  at  one 
end  (Fig.  100  and  p.  107),  warm  the  water  in  the  beaker, 
note  the  temperature  of  the  water  when  the  surfaces  of 
the  mercury  in  the  two  limbs  of  the  tube  are  level.  This 
temperature  is  the  boiling-point  (p.  170). 

Conduction 

15.  Stir  some  boiling  water  with  a  copper  wire  and  a 
German  silver  wire,  of  the  same  diameter ;  notice  the 
different  rates  at  which  the  heat  is  conducted,  A  similar 
difference  will  be  felt  if  a  copper  wire  and  a  platinum 
wire  be  held  in  the  fingers  while  the  other  ends  are  placed 
in  a  Bunsen  flame, 

16.  Turn  on  the  gas  to  a  Bunsen  burner,  place  a  piece 
of  fine  copper  gauze  about  2  in.  above  the  burner  and 
apply  a  light  above  the  gauze.  The  gas  will  burn  above, 
but  the  gas  under  the  gauze  will  not  be  ignited  (p.  137). 

17.  Coil  some  copper  bell- wire  round  a  thick  pencil 
so  as  to  make  a  close  coil  about  one  inch  long.  Place 
it  over  the  wick  of  a  lighted  candle  without  touching 
the  wick.  The  candle  will  be  extinguished. 

18.  Coat  rods  of  various  substances  with  wax  and 
introduce  them  into  an  Ingenhousz  trough,  fill  with 
boiling  water,  and  measure  the  various  lengths  of  wax 
melted  (p.  138). 

19.  Repeat  the  experiment  shown  on  p.  139  to  prove 
that  water  is  a  bad  conductor  of  heat. 

Radiation  and  Absorption 

20.  Fill  a  Leslie’s  cube  with  boiling  water  (Fig.  94  and 
p.  144)  and  observe  the  varying  amounts  of  heat  given 
off  by  the  blackened  and  polished  sides,  either  with  a 
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Leslie’s  differential  air  thermometer  (p,  109)  or  a  ther¬ 
mopile  and  galvanometer  (Fig.  247,  p.  370), 

21.  Place  a  piece  of  bright  tin-plate,  and  a  similar  piece 
smoked  over  a  paraffin  lamp,  in  front  of  a  fire  for 
a  few  minutes,  and  note  the  difference  in  temperature 
(p.  144). 

22.  Place  the  hand  near  the  side  of  an  ordinary  Bunsen 
flame,  then  cut  off  the  air  and  notice  how  much  more 
heat  is  radiated  by  the  luminous  flame. 

23.  Place  a  sheet  of  glass  in  front  of  a  fire  for  a  few 
minutes  and  notice  how  it  absorbs  the  heat  radiated  from 
the  fire  (p.  147)  ;  most  of  the  heat  rays  coming  from  the 
fire,  being  non-lurainous,  are  absorbed  by  the  glass. 

Vapour  Pressure 

24.  Measure  the  vapour  pressure  of  water  and  of  alcohol 
at  various  temperatures  by  the  apparatus  shown  on  p.  169. 

Compare  your  results  with  those  on  p.  170i 

Latent  Heat 

25.  Find  the  water  equivalent  of  a  beaker  (or  other 
calorimeter)  and  thermometer  by  the  method  fully 
described  on  p.  153. 

26.  With  the  calorimeter  and  thermometer  employed 
in  the  last  exercise,  find  the  latent  heat  of  fusion  of  ice 
as  described  on  p.  154. 

27.  Place  about  100  c.c.  of  water  in  the  flasks  (Fig.  100, 
p.  157)  and  200  c.c.  in  the  calorimeter  c.  Weigh  c  with 
its  contents,  and  note  their  temperature.  Boil  the  water 
until  a  rise  of  about  15°  C.  is  observed  in  the  water  in  c  ; 
note  the  temperature  accurately.  Then  calculate  from, 
your  data  the  latent  heat  of  steam. 

28.  To  standardize  a  burner,  place  a  known  weight  of 
water  in  a  beaker  and  heat  it  over  a  burner  (Fig.  98). 
Stir  the  water  well  and  take  its  temperature  at  regular 
intervals.  Hence  determine  the  number  of  calories 
supplied  by  the  burner  per  minute. 

29.  Continue  to  heat  the  water  till  it  begins  to  boil 
and  for  a  measured  interval,  10  or  15  minutes,  after 
boiling  commenced.  Determine  by  difference  the  weight 
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of  water  c-oiivertecl  into  steam  by  tlie  known  amount  of 
heat  supplied  in  this  interval.  Hence  calculate  the  latent 
heat  of  steam. 

Specific  Heat 

30.  Determine  the  specific  heat  of  a  metal  by  the 
method  of  mixtures  (p.  161).  Weigh  carefully  a  mass 
of  iron,  zinc,  lead,  or  aluminium  (about  100-200  grm.), 
attach  some  fine  string  or  cotton,  and  heat  the  metal  in 
a  saucepan  of  boiling  water.  Weigh  the  dry  calorimeter 
and  find  its  water  value  by  multiplying  the  weight  by  its 
specific  heat  (iron  0-113,  copper  0-09.5,  brass  0-094)  (p.  159). 
Measure  200  c.c.  of  water  into  the  calorimeter  (p.  151), 
and  take  its  temperature  carefully.  Note  the  temperature 
of  the  boiling  water,  withdraw  the  heated  metal  and 
cool  it  in  the  calorimeter  with  constant  stirring.  Note 
the  rise  in  temperature.  Calculate  the  specific  heat  of 
the  metal  (p.  163)  and  compare  the  result  with  the  numbers 
on  p.  160. 

31.  Find  the  specific  heat  of  glycerol  by  the  method 
of  cooling  (p.  164). 

Dew-Point 

32.  Determine  this  temperature — 

(rt)  by  stirring  small  pieces  of  ice  into  some  water 
contained  in  a  polished  metal  vessel  until  dew 
forms  on  the  surface.  Read  off  the  tem¬ 
perature  when  this  first  takes  place,  then 
allow  the  vessel  to  stand  till  the  dew  disappears, 
and  again  note  the  temperature.  The  mean 
of  the  two  readings  is  the  dew-point ; 

(6)  by  Daniell’s  hygrometer,  p.  178  ; 

(c)  by  Dines’  hygrometer,  p.  179; 

{d)  by  wet  and  dry  bulb  thermometer  and  Glaisher’s 
factors  (pp.  180  and  429). 

33.  Having  determined  the  dew-point,  calculate  the 
relative  humidity  (pp.  177  and  428)  of  the  air. 

34.  Find  also  the  weight  of  aqueous  vapour  contained 
in  1  litre  of  the  air  in  the  room  at  the  time  of  the  ex¬ 
periment  (p.  180). 
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Section  V. — Sound 


1.  Study  the  vibrating  segments  and  nodes  of  a  long 
rope  (p.  198).  Time  your  shakings  to  produce  one 
vibrating  segment,  two  vibrating  segments  with  one 
central  node,  three  vibrating  segments  with  two  dividing 
nodes,  etc. 

2.  Take  a  tracing  of  a  vibrating  tuning-fork  on  a 
revolving  smoked  surface  (p.  206)  ;  determine  the  rate 

t  movement  of  the  surface  by  timing  the  number  of 
evolutions  in  5  minutes ;  then  count  the  number  of 
vibrations  of  the  tuning-fork  in  a  second. 

3.  Determine  the  wave-length  of  a  tuning-fork  by 
filling  up  a  narrow  jar  with  water  (p.  207)  ;  hence  cal¬ 
culate  the  velocity  of  sound  in  the  air  if  the  pitch  of 
the  note  is  known ;  or,  conversely,  find  the  number 
of  vibrations  of  the  fork,  assuming  the  velocity  of  sound 
to  be  known. 

Try  the  effect  of  using  a  wide  instead  of  a  narrow  jar. 

4.  Demonstrate  the  nodes  and  vibrating  segments  in 
a  string  attached  to  one  prong  of  an  electro-magnetic 
tuning-fork  as  described  on  p.  198. 

5.  Pinch  a  stretched  steel  wire  in  the  middle  so  as 
to  cause  it  when  “  bowed  ”  to  divide  into  two  vibrating 
segments  and  one  central  node,  and  observe  that  it 
gives  the  octave  above  the  fundamental  note. 

Verify  as  far  as  possible  the  ratios  given  on  p.  199. 

6.  With  the  electro -magnetic  fork  used  in  Ex.  4,  or 
with  the  sonometer  (Fig.  130),  make  a  series  of  experiments 


to  verify  the  formula  n  — 


Section  VI. — Lig^ht 


1.  Compare  the  illuminating  powers  of  a  gas  fiame 
and  a  candle,  as  described  on  p.  218. 

2.  Prove  that  the  angle  of  reflection  is  equal  to  the 
angle  of  incidence,  with  the  aid  of  some  pins  and  a  piece 
of  looking-glass  as  described  onp.  221  (see  Figs.  140, 141). 
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3.  Put  a  stiff  card,  or  metal  sheet,  in  which  a  small 
arrow  has  been  cleanly  cut,  just  in  front  of  a  bright  source 
of  light.  Some  distance  in  front  of  the  arrow,  place  a 
concave  mirror.  The  centre  of  the  mirror  should  be 
nearly  on  a  level  with  the  centre  of  the  arrow.  If  the 
arrow  is  well  illuminated  by  the  light,  an  observer  will 
bow  be  able  to  see  a  bright  inverted  image  of  the  arrow 
in  the  mirror.  This  is  a  real  image  and  can  be  thrown 
on  a  white  screen  held  at  a  convenient  distance  from  the 
mirror.  Slightly  adjust  the  distance  till  the  image  is 
most  sharply  defined.  Measure  the  distance  L  A  from 
arrow  to  mirror ;  measure  the  distance  I  A  from  image 


1 

to  mirror ;  calculate  4- 

and  tabulate  results  (p.  232). 


1 

I A  ’ 


find  several  positions 


LA 

lA 

1  1 

0  +  'fA 

4.  Determine  the  focal  length  of  a  concave  mirror. 
Place  the  mirror  opposite  some  brightly  illuminated 
object,  as  a  small  arrow  cut  in  cardboard,  move  the 
mirror  backwards  and  forwards  until  a  sharp  image  of 
the  arrow  is  obtained  on  the  cardboard,  just  by  the  side 
of  the  arrow.  L  A  and  I  A  are  now  equal  (ii.,  p.  232), 
and  the  distance  between  the  arrow  and  the  mirror  is 
therefore  the  radius  of  curvature,  r,  of  the  mirror,  and 


the  focal  length  /  =  2* 

6.  Verify  Snell’s  law  of  sines,  as  described  on  p.  242 
(Fig.  166). 

6.  Trace  the  course  of  a  ray  refracted  through  a  glass 
prism  (p.  247). 

Plane  the  prism  ‘Ui  a  sheet  of  white  paper  on  Bi  drawing 
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board,  and  trace  the  outline  of  its  base  a  b  c  (Fig.  277) 
with  a  pencil.  Insert  a  pin  h  close  to  the  prism.  View^ed 
through  the  prism  this  pin  appears  in  the  direction  i  k. 
Mark  this  direction  by  pins  at  i  and  g,  so  that  i  g  h  are 
apparently  in  line.  In  a  similar  way  place  the  pin  l, 
so  that  L  H  G  are  in  line.  Similarly,  if  we  look  along  lh 
we  shall  see  the  pins  g  i  in  the  direction  of  l  h  produced. 
Remove  the  prism,  produce  i  g  to  k,  cutting  the  prism 
at  D,  and  produce  L  h  to  m,  cutting  the  prism  at  E.  The 
incident  ray  strikes  the  prism  at  d,  is  refracted  along 
D  E,  and  emerges  in  the  direction  e  l. 

K  M  L  is  the  angle  of  deviation ;  measure  this  angle 


when  the  prism  is  in  the  position  of  minimum  deviation 
(p.  247). 

7.  Through  d  (Fig.  277)  draw  n  d  n'  at  right  angles 
to  A  B.  With  centre  d  and  any  convenient  radius  describe 
a  circle  cutting  d  i  and  d  e,  produced  if  necessary,  in 
two  points.  From  the  points  draw  perpendiculars  on 
N  n'.  Measure  these  perpendiculars  and  so  find  {see  p.  242) 
the  refractive  index  of  the  prism. 

8.  Trace  the  path  of  a  totally  reflected  ray  through  a 
prism  (Fig.  278).  Trace  the  base,  a  b  c ,  of  the  prism 
with  a  pencil.  Insert  pins  d  and  E  at  equal  distances 
from  B.  Look  along  r  n  for  the  reflected  image  of  e. 
Insert  pin  e  so  that  r  d  e  appear  in  line.  In  a  similar 
way  insert  pin  at  G,  so  that  G  e  d  appear  in  line.  Join 
F  n,  produce  to  k,  produce  n  e  to  f'  ;  from  f'  djrop  a 
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perpendicular  to  a  c,  f"  f'  ;  make  f''  m  =  f' m,  and  join 
f"  k,  then  k  h  f'  is  the  path  of  the  ray  through  the  prism. 
It  will  be  noticed  that  the  ray,  totally  reflected,  is  without 
colour,  while  the  refracted  ray  is  surrounded  by  a  fringe  of 
colours. 

9.  To  determine  the  angle  of  a  prism  (Fig.  279).  Trace 
the  perimeter  of  the  prism  a  b  c,  place  a  pin  p  some  dis¬ 
tance  away,  in  the  direction  g  a,  so  that  a  reflected 
image  of  p  can  be  seen  in  the  face  b  a  by  an  observer 
looking  in  the  direction  d  a,  and  a  similar  image  in  the 

F" 


face  c  A  when  the  observer  looks  in  the  direction  e  a. 
Hark  these  two  directions  by  pins,  as  usual.  When 
produced  to  meet,  they  include  an  angle  which  is  double 
of  the  angle  of  the  prism.  Tliis  follows  from  the  pro¬ 
position  already  proved  (p.  224)  ;  for,  if  we  produce  b  a 
to  F,  it  is  clear  that  we  may  regard  the  reflecting  surface, 
c  A,  as  having  been  rotated  through  the  angle  c  a  f  = 
18(P  —  A  ;  but  the  reflected  ray  is  rotated  in  the 
same  direction  through  360°  —  n  a  e  ;  we  know  there¬ 
fore  that 

360°  -DAE  =  2(180°  -  A)  =  360°  -  2a 
.  D  a  E  =  2a 

We  therefore  determine  a  by  measurement  of  d  a  e. 

10.  Determine  the  position  of  the  image  of  a  convex 
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lens  by  the  method  of  parallax  (p.  223).  The  method 
may  be  illustrated  and  tested  by  placing  a  short  focus 


lens  6  in,  in  front  of  a  card  on  which  some  black  letters 
are  printed  (Fig.  280).  On  looking  through  the  lens 
an  inverted  image  of  the  letters  will  be  seen,  the 


Fig.  280. — Position  of  image  by  parallax. 

eye  being  some  distance  away.  Now  place  a  vertical 
rod  between  the  lens  and  the  eye,  and  move  the  head 
sideways.  If  the  image  of  the  letters'  is  farther  away 

o 
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tlian  tlie  rod,  tiie  rod  will  appear  to  move  over  the  letters 
ill  the  reverse  direction  to  the  movement  of  the  head  ; 
it,  on  the  other  hand,  the  rod  is  farther  away,  it  will 
move  over  the  letters  in  the  same  direction  as  the  move¬ 
ment  of  the  head.  When  they  are  at  exactly  the  same 
distance  the  rod  will  remain  on  one  letter,  and  move  with 
it  to  the  right  or  left  as  the  head  moves.  When  this 
position  of  the  rod  is  found,  substitute  a  candle  for  the 
letters  and  a  screen  for  the  rod  ;  a  sharp  image  of  the 
candle  should  appear  on  the  screen. 

11.  With  the  apparatus  of  Fig.  175  find  various  positions 
of  object  and  image  with  a  convex  lens.  Tabulate  the 
values  and  draw  a  graph  from  them  (p.  253). 


1  1 

u 

V 

Note  the  constant  value  obtained  in  the  third  column. 
The  reciprocal  of  this  constant  is  the  focal  length,  /. 
Hence,  find  /.  When  u  and  v  are  equal,  their  value  is 
2/.  Hence  find  /. 

12.  Also  find  /  by  method  1  on  p.  261,  and  determine 
the  magnifying  poAver  (p.  265). 

13.  Mount  two  Comdex  lenses  to  form  an  astronomical 
telescope,  and  measure  its  magnifying  poAver  (Fig.  170, 
p.  257). 

14.  Determine  the  focal  length  of  some  conca\^e  lenses 
by  the  methods  described  on  p.  263  (Fig.  176). 

15.  Observe  with  a  direct- vision  spectroscope — 

{a)  a  continuous  spectrum  of  a  gas  flame,  etc.  ; 
(h\  Fraunhofer’s  lines  Avhen  the  spectroscope  is 
directed  to  the  sky  ; 
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(c)  a  bright  -  line  spectrum  of  sodium,  calcium, 
etc.  ; 

{d)  an  absorption  spectrum  of  dilute  blood  solution, 
chlorophyll  in  alcohol,  solutions  of  potassium 
permanganate,  didymium  salt,  etc.  (pp.  273, 
277  ;  see  also  Frontispiece). 

16.  The  angle  of  minimum  deviation,  n,  and  the  angle, 
4,  of  a  prism  are  accurately  determined  by  the  spectro¬ 
meter  (p.  275).  The  eye-piece  of  the  telescope  is  adjusted 
by  the  observer  so  that  he  can  see  the  cross  wires  distinctly 
when  looking  at  a  distant  object.  The  telescope  is  then 
directed  to  a  distant  object  and  the  object  glass  so  focused 
that  the  image  of  the  distant  object  is  seen  in  the  plane 
of  the  cross  wires.  This  is  the  case  when  their  relative 
position  is  not  altered  by  slight  movements  of  the  observer’s 
eye  (Ex.  10).  The  remaining  adjustments  are  more 
easily  made  in  a  room  which  can  be  readily  darkened, 
and  where  a  sodium  flame  can  be  obtained.  For  this  pur¬ 
pose  a  piece  of  asbestos  impregnated  with  salt  can  be 
lield  in  the  flame  of  a  Bunsen  burner.  The  slit,  s,  of  the 
collimator  is  now  directed  to  the  yellow  flame,  and  the 
observer  will  see  the  illuminated  slit  on  looking  down 
the  collimator.  If  it  appears  too  broad  the  slit  should 
be  narrowed  by  the  little  screw  at  its  side.  The  slit  should 
now  be  viewed  through  the  telescope  and  collimator.  Both 
telescope  and  collimator  are  firmly  clamped  to  the  table 
of  the  instrument,  but  by  slightly  adjusting  certain  screws 
in  the  clamps  the  direction  of  the  axis  about  which  the 
telescope  or  collimator  turns  is  slightly  changed — the 
tube  is,  in  fact,  slightly  tilted  up  or  down.  In  this  way 
the  image  of  the  slit  can  be  brought  to  the  centre  of  the 
cross  wires.  The  collimator  can  also  be  focused  till 
this  image  is  sharp  and  clear.  The  instrument  is  then 
ready  for  use.  The  exact  position  of  the  telescope  is 
now  noted  on  the  scale.  The  prism  is  next  placed  on 
the  table  and  the  slit  cannot  then  be  seen,  but  on  turning 
the  telescope  slowly  round  whiile  keeping  the  eye  in 
position,  the  slit  should  reappear  when  the  tube  reaches 
a  position  corresponding  to  m  h  l  (Fig.  277).  i  g  (Fig.  277) 
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then  corresponds  to  the  collimator.  The  angle  k  m  l 
through  which  the  telescope  has  been  turned  is  the 
deviation,  and  is  registered  on  the  scale.  It  may  not  be 
at  first  in  the  position  of  minimum  deviation.  If  not, 
this  position  must  be  secured  as  described  on  p.  247. 
^loreover,  the  slit  may  not  now  appear  at  the  centre  of 
the  cross  wires.  In  that  case  the  screw  adjustments 
will  have  to  be  repeated  till  the  slit  is  seen  at  the  centre  in 
both  initial  and  final  positions. 

17.  To  measure  the  angle,  a,  of  the  prism,  we  place  it 
in  the  position  of  Fig.  279,  in  which  f  may  be  said  to 
represent  the  slit,  P  a  the  direction  of  the  collimator, 
A  D  and  A  E  two  directions  of  the  telescope  in  which  a 
reflected  image  of  the  slit  is  seen  from  each  face  of  the 
prism.  The  angle  d  a  E  through  which  the  telescope 
moves  from  one  position  to  the  other  is  registered  by  the 
scale,  and  a  is  the  half  of  this  angle. 

18.  Find  the  number  of  grammes  of  glucose  in  an 
aqueous  solution  of  that  sugar  by  means  of  the  sacchari- 
meter,  as  described  on  p.  284. 

19.  Arrange  apparatus  to  project  a  j^ure  spectrum  on 
a  screen. 

20.  Determine  the  refractive  index  of  a  transparent 
solid  or  liquid  by  measurement  of  both  the  real  and  the 
apparent  depth  of  an  object  when  viewed  normally 
through  the  transparent  substance  (p.  240). 

Section  VII. — Electricity  and  Magnetism 

Frictional  Electricity 

1.  Rub  a  stick  of  sealing-wax  with  dry  flannel,  suspend 
it  by  a  silk  thread  from  a  glass  support,  and  note  that  it 
is  repelled  by  a  second  stick  of  rubbed  sealing-wax,  but 
attracted  by  a  rod  of  glass  rubbed  with  silk  (p.  287). 

2.  Prove  that  electricity  is  developed  on  the  rubber 
(p.  291)  by  the  apparatus  shown  in  Fig.  188  (p.  289). 

3.  Charge  an  electrophorus  (p.  296),  and  with  it  light 
a  gas-burner. 

4.  Study  the  action  of  a  Wimshurst  machine  (p.  297), 
and  with  it  charge  a  Leyden  jar  (p.  302). 
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5.  Prove,  by  means  of  a  Leyden  jar  with  movable 
coatings,  that  the  charge  resides  on  the  glass  (p.  303). 

6.  Show  that  a  Leyden  jar  cannot  be  charged  in  the 
usual  manner  if  it  stands  on  a  sheet  of  glass. 

7.  Charge  a  gold-leaf  electroscope  (p.  289),  by  means  of 
a  lightly  rubbed  glass  rod,  {a)  with  positive  electricity  by 
contact,  {h)  with  negative  electricity  by  induction  (p.  290). 


Magnetism 

8.  ^lagnetize  some  steel  needles  b}'  drawing  them  once 
or  twice  over  the  pole  of  a  magnet. 

9.  Thrust  the  needles  through  pieces  of  cork  and  float 
them  on  some  water.  Observe  that  they  point  north  and 
south. 

10.  Bring  the  nortli  end  of  one  needle  near  the  north 
end  of  another,  and  observe  that  they  repel  each  other  ; 
similarly,  two  south  poles  repel,  while  north  attracts 
south,  and  vice  versa. 

11.  Magnetize  a  needle  and  show  that  the  end  of 
the  needle  which  last  leaves  the  pole  of  the  magnet 
is  of  the  opposite  name  to  the  jiole  which  it  has 
just  left. 

]  2.  Observe  that  a  piece  of  soft  iron  wire  attracts  hoth 
ends  of  a  floating  magnet. 

13.  Attach  a  piece  of  iron  wire  to  a  magnet ;  it 
becomes  a  magnet  and  attracts  a  second  piece  of  iron 
wire  (Fig.  203,  p.  309).  Also,  the  magnetic  properties 
of  the  iron  wire  disappear  when  it  is  removed  from 
the  magnet. 

14.  Break  a  magnetized  needle  in  halves  and  show  that 
you. have  now  two  magnets,  each  possessing  a  north  and 
a  south  pole. 

15.  Pass  a  dipping  needle  along  a  bar  magnet  (Fig.  207, 
p.  315).  Observe  that  over  the  north  pole  of  the  magnet 
the  dipping  needle  stands  vertical  with  its  south  pole 
downwards  ;  in  the  middle  of  the  magnet  the  needle  is 
horizontal;  and  when  over  the  south  pole  the  needle  is 
vertical  but  with  its  north  pole  downwards. 

16.  Magnetize  a  poker  (p.  323)  by  holding  it  in  the 
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magnetic  meridian  and  at  the  dipping  angle,  and  striking 
it  two  or  three  sharp  blows  with  a  hammer.  Test  its 
polarity  wdth  a  compass  needle.  Reverse  its  polarity 
by  holding  it  the  other  way  up  and  striking  half  a  dozen 
blows  with  the  hammer. 

17.  Map  out  the  lines  of  force  and  magnetic  field  by 
placing  (a)  two  similar  poles,  (6)  two  dissimilar  poles,  of 
a  couple  of  bar  magnets  under  a  sheet  of  thin  paper  and 
evenly  scattering  iron  filings  on  the  paper  (Figs.  200,  201, 
p.  308). 

18.  Similarly  map  out  the  field  of  force  of  a  small  bar 
magnet.  Measure  the  distance  between  the  poles,  as 
shown  by  the  filings.  Note  that  this  distance  is  rather 
less  than  the  length  of  the  magnet. 

19.  Compare  the  moments  of  a  small  bar  magnet,  and 
of  a  small  horseshoe  magnet,  by  means  of  the  magnet¬ 
ometer,  as  described  on  p.  318. 

20.  Find  the  neutral  points  in  the  neighbourhood  of 

31 

the  given  bar  magnet,  and  deduce  the  value  of  ^  (p.  319). 

21.  Find  the  dip  (0)  by  means  of  the  sixteen  readings 
described  on  pp.  322-3. 

22.  Connect  the  terminals  of  a  single  cell  with  a  key, 
by  covered  copper  wires. 

(a)  Lead  part  of  the  wire  above,  and  parallel  to, 

a  declination  needle  which  is  at  rest  in  the 
magnetic  meridian.  Note  that  the  needle  is 
not  affected..  Press  down  the  key  ;  the  needle 
instantly  turns :  note  in  which  direction  the 
N.  pole  turns.  Release  the  key  and  reverse 
the  connections  ;  on  now  pressing  the  key  the 
current  flows  in  the  opposite  direction :  note 
that  the  N.  pole  also  turns  in  the  opposite 
direction. 

(b)  Repeat  the  experiments  with  the  wire  heloiv, 

but  still  parallel  to,  the  needle. 

(c)  Lead  the  wire  over  the  centre  of  the  needle, 

but  at  right  angles  to  its  length,  so  that  the 
current  flows  east  and  west  when  the  key  is 
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down  ;  the  needle  is  now  not  affected,  because 
it  already  lies  at  right  angles  to  the  current. 

23.  Connect  a  cell  with  an  electro-magnet  and  identify 
the  N.  pole  of  the  magnet.  Reverse  the  connections, 
and  note  that  this  pole  is  now  the  S.  pole.  Trace  the 
course  of  the  current  and  see  that  the  rule  stated  on 
p.  348  is  verified. 

Measurement  of  Current,  etc. 

24.  Connect  a  single  cell  with  a  tangent  galvanometer. 
Insert  in  the  circuit  both  a  key  and  a  commutator  (or  a 
reversing  key),  and  also  a  resistance  box  or  rheostat, 
by  which  a  known  resistance,  r,  can  be  introduced  into  the 
circuit. 

Let  resistance  of  battery  be  represented  by  B, 
and  ,,  ,,  galvanometer  be  represented  by  fr, 

,,  ,,  ,,  circuit  wires  ,,  „  ,,  lo, 

then  the  total  resistance  R  w,  B  O  w  ^  r. 

To  -find  B  -f  (r  ; 

Let  r  ^  o.  See  that  the  coil  of  the  galvanometer 
is  in  the  magnetic  meridian,  and  the  needle  at 
rest. 

Pass  a  current  and  note  the  deflection  a. 

Reverse  the  current  and  note  the  deflection  a  . 

aha 

Take  the  mean  — ^ record  this  as  5. 

Find  tan  5  from  the  tables,  and  record  this  in 
a  parallel  column.  The  current  is  simply 
proportional  to  tan  5  ;  but,  ceteris  paribus, 
the  current  is  inversely  proportional  to  the 
resistance.  If,  therefore,  while  making  no 
other  change  we  can  introduce  a  value  of  r, 
such  that  the  value  of  tan  s  is  halved,  we 
shall  know  that  the  current  has  been  halved, 
and  the  total  resistance  doubled.  This  value 
of  r  must  therefore  be  the  value  oi  B  +  G  -[■  iv. 

Perform  experiments  with  this  object,  and  tabulate 
your  results  in  the  columns  below.  Gradually  increase 
the  value  of  r  till  the  value  of  tan  s  is  halved  ;  — 
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R 

5 

^  —  a  a  ] 

_  ‘  "^2  '  i 

! 

tan  5 

R  X  tan  5 

B  G  u' 

B  G  IV  +  }\ 

R  -f  C  +  u'  -t  r^ 
Etc. 

Etc. 

1 

Having  thus  obtained  the  value  oi  B  +  G  +  w,  all  the 
values  of  R  in  the  first  column  are  now  known.  Multiply 
each  value  of  B  by  the  corresponding  value  of  tan  5,  and 
enter  the  products  in  the  fourth  column.  Note  that  the 
product  is  nearly  constant  in  value. 

25.  With  similar  apparatus,  but  with  three  or  more 
cells,  perform  experiments  designed  to  show  that  the 
current — and  therefore  tan  S — is  directly  proportional 

E  . 

to  the  E.IVT.F.,  or  that  is  constant.  In  this  case  the 

resistance,  B,  is  also  slightly  varied,  but  the  error  due 
to  this  will  be  small  if  we  work  with  a  total  value  of  R, 
compared  to  which  B  is  nearly  negligible.  We  also 
assume  that  the  value  of  E  is  the  same  for  each  cell. 
Keep  S  below  20°  (p.  432),  shunting  the  galvanometer  if 
necessary.  Tabulate  results  as  below  :  — 


1  cell 

2  cells  in  series 

Q 

2  ,,  ,,  parallel 

Q 

^  5?  >>  M 


E.M.F. 

i 

R 

1 

E 

ohms 

500 

2  E 

3  E 

??  1 

E 

>9 

E 

?  9 

tan  5 

E.M.F. 

tan  S 

1 

1 

1 
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26.  With  similar  cells,  but  with  a  low  external  resistance, 
compare  the  currents  obtained  from  two  cells  in  series  and 
in  parallel : 


tan  5 


2  cells  in  series 
,,  ,,  parallel 


27.  Measure  e,  the  back  E.M.F.  of  a  water  voltameter, 
by  connecting  it  in  series  with  an  accumulator  (or  a  Grove 
cell)  whose  E.M.F.  has  been  previously  measured  alone 
iR).  In  this  case  E  +  e  will  be  found  to  be  less  than  E, 
showing  that  e  is  negative. 

28.  With  the  apparatus  employed  in  Ex.  24,  find  the 
resistance  of  a  wire  by  the  method  of  substitution  de¬ 
scribed  on  j).  354. 

Repeat  the  experiment  with  wires 

{a)  of  different  length,  but  same  material  and 
diameter  ; 

(/;)  of  different  diameter,  but  same  material  and 
length ;  * 

(c)  of  different  material,  but  same  diameter  and 
length. 

Note  the  results  and  the  conclusions  to  be  drawn  from 
them, 

29.  From  the  results  found  in  the  previous  Exercise, 
and  by  measuring  the  dimensions  of  the  wires,  calculate 
the  specific  resistance  of  the  substance  of  which  the  wire 
is  made  from  the  formula  (p.  341) — 


s 


30.  With  a  Wheatstone’s  bridge,  or  a  “post-office  box” 
and  a  mirror  galvanometer,  deterrnine  the  resistance  (a) 
of  the  primary  coil,  and  {h)  of  the  secondary  coil,  of  an 

0^ 
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induction  coil.  Each  coil  must  be  entirely  removed  from 
the  other  for  the  experiments,  and  the  “  core  ”  must  be 
removed  from  the  primary  coil. 

31.  Compare  the  E.M.F.s  of  two  cells  by  the  method 
described  on  p.  364. 

32.  Find  the  strength,  C,  of  a  current  by  means  of  a 
voltameter  (p.  337). 

33.  Find  the  strength,  C,  of  a  current  by  means  of  the 
heat  developed  in  a  wire  of  known  resistance  through 
which  the  current  flows  (p.  369). 

34.  Find  the  reduction  factor  of  a  galvanometer  (p.  353). 

35.  Find  the  constant  of  a  tangent  galvanometer  by 
means  of  a  resistance  box  and  a  voltameter  (p.  353). 

36.  Find  the  resistance  of  a  given  coil  at  0°  C.  and 
100°  C.  ;  hence  deduce  the  room  temperature  of  the 
laboratory  (p.  356). 

37.  Compare  the  E.M.  h.s  of  two  cells  by  the  potentio¬ 
meter  (p.  366). 

38.  Plot  the  relation  between  the  candle-j)ower  and  the 
wattage  (i.e.  amperes  X  volts)  of  the  given  electric  lamp 
(p.  363). 

39.  Compare  a  series  of  corresponding  readings  of  a 
given  ammeter  (p.  354)  and  a  given  galvanometer  ;  re¬ 
present  the  results  by  a  graph.  Find  a  mean  value  of 
the  galvanometer  constant. 
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TABLE  1 

Pressure  of  Aqueous  Vapour,  at  a  Temperature 
FROM  0°F.  TO  88°  F.,  IN  Inches  of  Mercury 


0°F. 

0-044  in. 

32°  F. 

0-181  in. 

50°  F. 

0  500  in. 

2 

0-048 

33 

0-188 

60 

0-518 

4 

0-052 

34 

0  106 

61 

0  537 

(I 

0  057 

35 

0-204 

62 

0-556 

8 

0-062 

36 

0-212 

63 

0-576 

10 

0  068 

37 

0-220 

64 

0  506 

1 1 

0-071 

38 

0  220 

65 

0-617 

12 

0-074 

30 

0-238 

66  . 

0-630 

13 

0-078 

40 

0-247 

67 

0-661 

1  4 

O-082 

41 

0-257 

68 

0-684 

15 

.  0-086 

42 

0-267 

60 

0-708 

10 

0-000 

43 

0-277 

70 

0-733 

17 

0-004 

44 

0-288 

71 

0-750 

18 

0-008 

45 

0-200 

72 

0-785 

10 

0-103 

46 

0-311 

73 

0-812 

20 

0-108 

47 

0-323 

74 

0-840 

21 

0-113 

48 

0-335 

75 

0-868 

22 

0-118 

40 

0-348 

76 

0-897 

23 

0-123 

50 

0-361 

77 

0-927 

24 

01 20 

51 

0-374 

78 

0-058 

25 

0-135 

52 

0  388 

70 

0-990 

2(; 

0-141 

53 

0-403 

80 

1-023 

27 

0-147 

54 

0-418 

82 

1  092 

28 

0-153 

55 

0-433 

84 

1-165 

20 

0-160 

56 

0-449 

86 

1  242 

30 

0-167 

57 

0-465 

87 

1-282 

31  ! 

0  174 

58 

0-482 

88 

1-32,'t 

427 


428 


APPENDIX 


TABLE  II* 

Pressure  of  Aqueous  Vapour  at  Intervals  of 
1°  C.  FROM  0°  C.  TO  30°  C.,  AT  INTERVALS  OF  5°  C. 
FROM  30°  C.  TO  100°  C.,  AND  AT  INTERVALS  OF  0T° 
FROM  99°  TO  101°,  IN  Millimetres  of  Mercury 


t''  c. 

mm. 

t°  C. 

mm. 

t°C. 

mm. 

0 

4-60  1 

22 

19-66 

99-0 

733-21 

1 

4*94 

!  23 

1 

20-89 

99-1 

735-85 

2 

5-30  ; 

i  24 

22-18 

99-2 

738-50 

3 

5-69  I 

.25 

23-55 

99-3 

741-16 

4 

6T0 

26 

24-99 

99-4 

743-83 

5 

6-53 

27 

26-51 

99-5 

746-50 

0 

7'00  i 

28 

28-10 

99  6 

749-18 

7 

7-49  1 

29 

29-78 

99-7 

751-87 

!  8 

j 

8-02  ; 

30 

31-55 

99-8 

754-57 

9 

!  " 

8-57  I 

35 

41-83  1 

99-9 

757-28 

10 

9d7  1 

40 

54-91  i 

100-0 

760-00 

9-79  ; 

45 

71-39  1 

100-1 

762-73 

1  12 

10-46  1 

50 

91  -98  : 

o 

o 

765-46 

13 

11-16 

55 

117-48 

100-3 

768-20 

!  1-1 

11-91 

60 

148-79 

100-4 

771-95 

1  15 

12-70 

65 

186-94 

100-5 

773-71 

16 

13,54  ' 

70 

233-08 

100-6 

776-48 

17 

14-42 

75 

288-50 

100  7 

779-26 

18 

15-36 

80 

354-62 

100-8 

782-04 

19 

16-35  ! 

85 

433-00 

100-9 

784-83 

20 

17-39  i 

90 

525-39 

101-0 

787-59 

21 

18-50  1 

1 

95 

633-69  i 

*  Abstracted  from  a  table  in  “Numerical  Tables  and  Con¬ 
stants,”  by  Sydney  Lupton,  189<)  edition  (IMacmillan  &  Co.). 
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nib 

10' 

12 

14 

10 

18 

20 

22 

24 

20 

28 

30 

32 

34 

30 

38 
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TABLE  III 

Glaishkr’s  Factors 


Factor. 

1 

Dry- 

bulb. 

1 

1 

Factor. 

1 

Dry- 

biilb. 

Factor. 

8-78 

40'^F. 

2-29 

70‘^F. 

1-77 

8-78 

42 

2  23 

72 

1  ’75 

8-70  1 

44 

2T8  ; 

74 

1-73 

8-70 

40 

2-14  i 

70 

1-71 

8- 7)0 

48 

2T0 

78 

1-09 

8-14 

30 

2-00 

80 

1-68 

7-00 

.32 

2-02 

82 

1-67 

0-92 

34 

F98 

84 

1-60 

o-os 

30 

1-94 

80 

1-65 

5-12 

i  38 

F90  ‘ 

88 

1-64 

4-1  3 

0(,) 

FS8  ; 

90 

1-03 

3-32 

02 

]  ‘80 

92 

1-02 

1 

2-77 

04 

DS3 

94 

i-oo 

2-30 

00 

1-81  ! 

90 

1-39 

2-36 

08 

1-79 

98 

1-58 

1 

100 

1-57 
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TABlp:  IV 


CouiiKC'j’iuxs  TO  nv:  applied 
Pkass  Scales  to  deduce 


TO  Dado.^ieteks  with 

THE  OiLSEPvVATIONS  TO 


32^  F. 


The  brass  scale  is  assumed  to  extend  to  the  whole  leng'th  of 
the  mercury  column,  and  the  divisions  on  it  are  assumed 
to  be  correct  at  at  0°C.  (82°  F.). 


1 

i  dj  O  .  • 

'  r-*  ^ 

'  ^ 

C3  ^  <11 

Inches. 

Inches. 

Inches. 

Inches. 

Inches. 

1  ^ 
j  <1  H 

27 

28 

29 

80 

81 

i 

30°F. 

-  0  004 

-0-004 

-0  004 

-  0-004 

-0-004 

!  81 

0-006 

0-006 

0-007 

0-007 

0-007 

82 

0-008 

0-009 

0-009 

0-009 

0-010 

!  88 

0-011 

0-011 

0012 

0-012 

0-012 

I  34 

0-013 

0-014 

0-014 

0-015 

0-015 

i  35 

0-016 

0-016 

0-017 

0-018 

0-018 

i  30 

0-018 

0-019 

0  020 

0-020 

0-021 

37 

0-021 

0-021 

0-022 

0-028 

0-024 

88 

0-023 

0  024 

0-025 

0-026 

0-026 

39 

0-025 

0  026 

0  027 

0-028 

0-029 

40 

0  028 

0  029 

0  030 

0-031 

0-032 

41 

0  030 

0-031 

0-038 

0  034 

0-035 

42 

0  088 

0  034 

0  035 

0-036 

0-037 

43 

0  035 

0  036 

0-038 

0-039 

0-040 

44 

0-037 

0-039 

0-040 

0  042 

0-048 

1  45 

0-040 

0-041 

0043 

0-044 

0-046 

46 

0  042 

0-044 

0  045 

0-047 

0-049 

47 

0-045 

0-046 

0  048 

0-050 

0-051 

48 

0-047 

0  049 

0  051 

0-052 

0-054 

49 

0-050 

0-051 

0  053 

0-055 

0-057 

1  50 

0  052 

0-054 

0-056 

0-058 

0-060 

51 

0-054 

0-056 

0  058 

0  060 

0-062 

:  52 

0-057 

0  059 

0-061 

0  063 

0-065 

63 

0-059 

0  061 

0  064 

0-066 

0-068 

54 

0-062 

0-064 

0  066 

0-068 

0  071 

55 

0-064 

0-066 

0-069 

0071 

0-076 

56 

-  0-066 

-0-069 

0-071 

-0-074 

% 

-0-076  : 
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TABLE  W —contlnvcd 


1  1 

Attached  j 

Thermo-  i 
meter,  j 

'  i 

Inches. 

27 

Inches. 

28 

Inches. 

29 

• 

Inches. 

80 

Inches. 

31 

57^F. 

-  0  069 

-0-071 

-  0-074 

-  0-076 

-0  079 

58 

0-071 

0  074 

0-077 

0-079 

0-082 

59 

0  074 

0-076 

0-079 

C-082 

0-085 

GO 

0-076 

0-079 

0-082 

0-085 

0-087 

()1 

0  078 

0-081 

0-084 

0-087 

0-090 

62 

0-081 

0-084 

0-087 

0-090 

0-093 

68 

0-083 

0  086 

0-089 

0-098 

0-096 

64 

0-086 

0-089 

0-092 

0-095 

0-098 

65 

0-088 

0-091 

0-095 

0  098 

0-101 

66 

0  090 

0-094 

0-097 

0-101 

0-104 

67 

0  093 

0  096 

0-100 

0-108 

0-107 

68 

0-095 

0-099 

0-102 

0-106 

0-109 

69 

0  098 

0-101 

0-105 

0-109 

0  112 

70 

0-100 

0-104 

0-108 

0  111 

0-115 

71 

0-102 

0-106 

0-110 

0-114 

0-118 

72 

0-105 

0-109 

0-113 

0-117 

0-120 

78 

0  107 

0-111 

0-115 

0-119 

0  123 

74 

0-110 

0-114 

0-118 

0-122 

0-126 

75 

0-112 

0-116 

0-120 

0-125 

0-129 

i  (> 

0-114 

0-119 

0-128 

0-127 

0-131 

/  i 

0-117 

0  121 

0  126 

0-180 

0-134 

78 

0-119 

0-124 

0-128 

0-138 

0-137 

79 

0-122 

0  126 

0-181 

0-135 

0-140 

80 

0-124 

0-129 

0  133 

0-138 

0-143 

81 

0-126 

0  131 

0  186 

0-141 

0-145 

82 

0  129 

0-184 

0-138 

0  143 

0-148 

88 

-0  181 

-  0-136 

-0-141 

-  0-146 

-0-151 
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TABLE  V 

Natural  Sines  and  Tangents 


Angie  in 
degrees. 

Angie  in 
radians. 

Sine. 

Tangent. 

() 

0-0000  i 

0-000 

0  000 

90 

1 

0-0175 

0-017 

0-017 

89 

2 

0  0349 

0-035 

0  035 

88 

3 

0-0524 

0.052 

0  052 

87 

4 

0  0698 

0-070 

0  070 

86 

5 

0-0873 

0-087 

0  087 

85 

G 

0-1047 

0-105 

0T05 

84 

7 

0-1222 

0  122 

0  123 

83 

8 

0-1396 

0  139 

0  141 

82 

9 

0-1571 

0  156 

0  158 

81 

10 

0-1745 

0-174 

0  176 

80 

15 

0-2618 

0-259 

0  268 

75 

20 

0-3491 

0-342 

0  364 

70 

25 

0-4363 

0  423 

0-466 

65 

30 

0-5236 

0  500 

0-577 

60 

35 

0-6109 

0-574 

0-700 

55 

40 

0-6981 

0  643 

0-839 

50 

45 

0-7854 

0-707 

1  -000 

45 

50 

0-8727 

0-766 

1-192 

40 

55 

0-9599 

0-S19 

1-428 

35 

60 

1-0472 

0-866 

1-732 

30 

65 

1-1345 

0-906 

2-145 

25 

70 

1-2217 

0-940 

2747 

20 

75 

1  3090 

0  966 

3  732 

15 

80 

1-3963 

0-985 

5-671 

10 

81 

1-1137 

,  0-988 

6-314 

9 

82 

1-4312 

0-990 

7  115 

8 

83 

1-4486 

0-993 

8-144 

r- 

i 

84 

1-4661 

0-995 

9-57 

6 

85 

1-4835 

0-996 

11-43 

5 

86 

1-5010 

0-998 

14-30 

4 

87 

l-5i84 

0-999 

19-08 

3 

88 

1-5359 

0-999 

28  64 

2 

89 

1-5533 

0  999 

57  29 

1 

90 

1-5708 

1-000 

Inlin. 

0 

Co-sine. 

Co-tangent. 

Angle  in 
degree  . 
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TABLE  VI 

Relation  between  Mass  and  Volume  op  Water 
AT  Various  Temperatures 
(1  millilitre  =  1’000()2S  c.c.) 


Mass  of  water  at  t°  C. 
contained  in  1  millilitre. 

Volume,  in  millilitres, 
filled  by  1  grin,  of  water 
at  t°  C, 

t°  C. 

' 

Gim.  * 

t°C. 

Grm.  * 

t°  C. 

Mils. 

t®  C. 

Mils. 

0 

0-999871 

20 

0-998259 

0 

1-000129 

20 

1  001744 

1 

0-999928 

21 

0-998047 

1 

1-000072 

21 

1-001957 

2 

0-999909 

22 

0-997828 

2 

1-000031 

22 

1-002177 

8 

0-999991 

23 

0-997601 

3 

1-000009 

23 

1-002405 

4 

1-000000 

24 

0-997367 

4 

1  -000000 

24 

1-002641 

.8 

0-999990 

25 

0-997120 

5 

1-000010 

25 

1-002888 

6 

0-999970 

26 

0-996866 

6 

1-000030 

26 

1-003144 

7 

0-999983 

27 

0-996608 

7 

1-000067 

27 

1 -003408 

8 

0-999886 

28 

0-996331 

8 

1-000114 

28 

1  -003682 

9 

0-999824 

29 

0-996051 

9 

1-000176 

29 

1-003965 

10 

0-999747 

80 

0-995770 

10 

1-000253 

30 

1-00425 

11 

0-999655 

40 

0-99285 

11 

1-000845 

40 

1  -00770 

12 

0-999549 

50 

0-98819 

12 

1-000451 

50 

1-01195 

18 

0-999480 

60 

0-98888 

13 

1-000570 

60 

1-01691 

14 

0-999299 

70 

0-97794 

14 

1-000701 

70 

1-02256 

15 

0-999160 

80 

0-97194 

15 

1-000841 

80 

1  -02887 

16 

0-999002 

90 

0-96556 

16 

1  -000999 

90 

1 '03567 

17 

0-998841 

100 

0-95866 

17 

1-001160 

100 

1-04312 

18 

0-998654 

18 

1-001348 

19 

0-998460 

19 

1-001542 

*  The  numbers  in  this  column  represent  the  ratio 
density  of  water  at  t°  C. 
density  of  water  at  L  C. 

they  also  represent  in  grammes  the  absolute  density  of  water  per 
millilitre;  if  multiplied  by  the  factor  0 ‘999972  they  would  repre¬ 
sent  in  grammes  the  absolute  density  of  water  per  cubic  centimetre 
at  each  corresponding  temperature. 
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TABLE  VII 

Density  of  Water  at  f  C. 
Density  of  Water  at  60°  F. 


This  relative  density,  multiplied  by  0-999044,  gives  the 
absolute  density,  in  grammes  per  cubic  centimetre,  at  the 
corresponding  temperature. 


t 

Rel.  densitv 

Rel.  densit}/ 

'1  t 

1 

Rel.  density  , 

5 

1-000918 

1 

!  13-5 

1-000292 

22 

0-998755 

5-5 

1-000908 

1  14 

1 

1-000227 

22-5 

0-998641 

6 

1-000898 

}  14-5 

1-000157 

23 

0-998528 

6-5 

1-000879 

15 

1-000088 

23-5 

!  0-998410  , 

n 

4 

1-000861 

15-5 

1-000009 

24 

0-998293  j 

7-5 

1-000837 

16 

0-999930 

24-5 

0-998169  1 

8 

1-000814 

16-5 

0-999849 

25 

0-998046 

8-5 

1-000783 

17 

0-999769 

25-5 

0-997920 

9 

1-000752 

17-5 

0-999675 

26 

0-997794 

,  9-5 

1-000713 

18 

0-999582 

26-5 

0-997661 

10 

1-000675 

18-5 

0-999484 

27 

0-997529 

10-5 

1-000629 

19 

0-999387 

27-5  1 

0-997392  1 

11 

1-000583 

19-5 

0-999286 

28 

0-997256 

11-5 

1-000530 

20 

0-999186 

28-5 

0-997116  ‘ 

12 

1-000477  1 

20-5 

0-999080 

29 

0-996976  1 

12-5 

1-000417  i 

21 

0-998974 

29-5  ! 

0-996835  ! 

13 

1-000358 

21-5 

0-998864 

30  1 

1 

1 

0-996695 

1 

I 
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TABLE  VIII 


To  FIND  THE  Mass,  m  Gramme,  of  Water  which 

FILLS  V  C.C. 


V 

At  4°  C. 

At  0°  C. 

At  60°  F. 

c.c. 

grm. 

grm. 

grm. 

1 

0-999972 

0-999843 

0-999044 

2 

1-999944 

1-999686 

1-998088 

3 

2-999916 

2-999529 

2-997132 

4 

3-999888 

3-999372 

3-996176 

5 

4-999860 

4-999215 

4-995220 

6 

5-999832 

5-999058 

5-994264 

7 

6-999804 

6-998901 

6-993308 

8 

7-999776 

7-998744 

7-992352 

9 

8-999748 

8-998587 

8-991396 

Ex.  :  To  find  the  mass  of  123  c.c.  of  water  at  60°  F. 

Mass  of  100  c.c.  ah  60°  =  99-9044  grm. 

„  20  „  „  =  19-98088  „ 

„  3  „  „  =  2-997132  „ 

123  „  „  =  122-882412  „ 
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To  FIND  THE  Volume,  v  C.C.,  occupied  by 
m  dRM.  OF  Water 


Vl. 

At  4°  C. 

At  0°  C. 

At  60°  F, 

grm. 

c.c. 

C..C. 

.  c.c. 

1 

1-000028 

1-000157 

1-000956 

2 

2-000056 

2  0003 14 

2-001912 

3 

3-000084 

3-000471  ’ 

3-002868 

4 

4-000112 

4-000628 

4-003824 

5 

5-000140 

5-000785 

5-004780 

6 

6-000168 

6-000942 

6-005736 

7 

7-000196 

7-001099 

7-006692 

8 

8-000224 

8-001256 

8-007648 

!) 

9-000252 

9-001413 

9-008604 

Ex,  :  To  find  the  volume  occupied  by  123  grm.  of  watei 
at  60°  F. 

100  grm,  of  water  at  6o°  F.  fill  .  .  100-0956  c.c. 

20  „  „  „  „  ..  20-01912  „ 

j3  ,3  . .  3-002868  ,, 

123  „  „  3,  ,3  ..  123-117588,, 
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TABLE  X 


To  CONVERT  Degrees  Fahr. 
TO  Degrees  Cent. 

To  convp:rt  Degrees  Cent. 

TO  Degrees  Fahr. 

1 

o  Y  ! 

1 

°a 

°F. 

°C. 

'’F. 

°C. 

O 

45  ‘ 

7-2 

61 

16-1 

25 

77 

41 

105-8 

46 

7-7 

62 

16-6 

26 

78-8 

42 

107-0 

47 

8-3 

63 

17-2 

27 

80-6 

43 

109-4 

48 

8-8 

64 

17-7 

28 

82-4 

44 

111-2 

49 

9'4 

65 

18-3 

29 

84-2 

45 

113 

50 

10 

66 

18-8 

30 

86 

46 

114-8 

51 

10-5 

67 

19-4 

31 

87-8 

47 

116-6 

52 

11-i 

68 

20 

32 

89-6 

48 

118-4 

53 

11-6 

69 

20-5  , 

33 

91-4 

49 

120-2 

54 

12-2 

70 

211 

34 

93-2 

50 

122 

55 

12-7 

71 

21-6 

35 

95 

51 

123-8 

56 

133 

72 

222 

36 

96-8 

52 

125-6 

57 

13-8 

73 

22-7 

37 

98-6 

53 

127-4 

58 

14-4 

74 

23-3 

38 

100-4 

54 

129-2 

59 

15  ■ 

75 

23-8 

39 

102-2 

55 

131 

60 

15-5 

76 

24-4 

40 

104 

56 

132-8 

9- 
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IN!DEX 


I 

i 

i 


ic  Aberration  of  light,  266 
14  Absolute  conductivity  (heat) 
139 

density,  54 
temperature,  132 
zero,  132 


II  Absorption  of  radiant  heat, 
144,  411 
band,  273,  278 


Acceleration,  9,  48 

- unit  of,  9 

Accommodation,  optical,  260 
Accumulators,  339 
Achromatic  lens,  276 
Adiabatic  conditions,  184,  203 
Aeroplane,  wind  force  and,  37 
Air  and  sound,  201 

-  expansion  of,  135 

— — ■  liquefaction  of,  192 

- - pump,  100 

- bicycle,  100 

- Fleuss,  102 

- — -  Sprengel,  103 

- - Tate,  101 

-  thermometer,  constant- 

volume,  134 
Alcoholometer.  62 
Alloys,  fusibility  of,  156 
Alternating  current,  340,  378 
Aluminium,  conductivity  of, 
for  electricity,  345 
Ammeter,  354 

Ammonia  freezing  machine, 
175 

Ampere  (unit),  338 
Ampere’s  rule,  348 
Amplitude  of  sound  wave,  14, 
197 

Andrews’  experiment  on  criti¬ 
cal  point,  191 
Aneroid  barometer,  95 
Angle,  critical  {see  Critical 
angle) 

ratios  of,  15 
tangents  of,  16 


Angular  measurement,  14 


Anions,  335 
Anode,  326 

Answers  to  exercises,  388 
Anticyclone,  90 
Antikathode,  386 
Antinode,  199 

Aorta,  blood-pressure  in,  86, 
87 

Aqueous  vapour,  pressure  of, 
148,  178,  427 
Arago’s  disc,  375 
Archimedes,  principle  of,  56 
Area,  measurement  of,  398 
Astatic  needle,  350 
Astronomical  telescope,  257 
- -  unit,  5 

Atmosphere,  homogeneous,  89 
Atmospheric  pressure,  87 

- —  and  boiling-points, 

170 

- values  of,  89 

- variations  in,  89 

Attraction,  48 
Atwood’s  machine,  21 
Audibility,  range  of,  208 
Automatic  flushing  cistern,  100 
Avogadro’s  law,  75 
Axis,  magnetic,  of  earth,  312 
— —  principal,  of  lens.  250 

— — - - -  of  mirror,  229 

Axle,  wheel  and,  40 


Balance,  40,  401 
Barlow’s  spur  wheel,  376 
Barometer,  88 

-  aneroid,  95 

-  corrections  in  reading,  91 

- - —  f  o  j-  tempera¬ 
ture,  405 

- Fortin’s,  92 

glycerin,  95 
— —  siphon,  94 

-  wheel,  94 

Batteries,  326 
-  coupling  of,  343 
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INDKX 


BiitterjcH,  galvanic,  326 
-  — -  primary,  325 

• -  secondary,  339 

Beats,  212 
Bicycle  pump,  100 
Black’s  determination  of  speci¬ 
fic  heat,  161 

Blood,  arterial  and  venous 
pressure  of,  87 
Blower,  135 

Board  of  Trade  unit,  363 
Boiling-points,  114,  170 

- influence  of  atmospheric 

pressure  on,  1/0,  172 
- -  -  of  dissolved  sub¬ 
stances  on,  173 
Boyle’s  law,  105,  403 
Bradley’s  determination  of 
velocity  of  light,  266 
Bramah  and  hydraulic  press, 
84 

Brass  as  heat  conductor,  137 
Breeze  treatment,  293 
British  thermal  unit,  151 
Bronchoscope,  238 
Bumping,  173 
Bunsen  cell,  329,  342 
B  u  n  s  e  n’s  determination  of 
specific  heat,  163 

- photometer,  219 

Burette,  401 

0 

Cables,  submarine,  as  I^eyden 
jars,  305 

Cailletet  and  liquefaction  of 
oxygen,  192 

Calibration  of  tubes,  109 
Callipers,  699 
Calorie,  common,  151 

-  large,  151 

- major,  151 

- mean,  151 

- small,  151 

-  zero,  151 

Calorimeter,  154 
Calorimetry,  149,  152 
Camera  lens,  252 
Capacity  of  condenser,  301 

- of  conductor,  294 

- of  sphere,  295 

Capillarity,  76,  407 

• - angle  of,  80 

-  error,  81,  93 

Capillary  electrometer.  367 

- tubes,  80 

Cell,  bichromate,  329 
-  Bunsen,  329,  342 


Cell,  Baniell,  327,  329,  342 

—  Ue  La  Rue,  330 

—  dry,  331 

—  galvanic,  325 

-  -  Grove,  328,  342 

-  Latiiner-Clark,  330,  342 
Leclanche,  320,  342 

- polarization  of,  327 

-  primary,  325 

■  —  secondary,  339 

-  Smee,  327 

-  storage,  339 

voltaic,  325 
Ceils,  coupling  of,  343 
Celsius  scale,  113 
tientigrade  scale,  113,  437 
Centimetre,  4 
- -  cubic,  6 

Centimetre  -  gramme  -  second 
system,  4 

Centre  of  gravity,  31 
e.G.S.  system,  4 

-  unit  of  current,  352 

Change  of  state,  149,  157 
Charles  and  Gay-Lussac,  law 
of,  132 

Chemistry,  relation  of,  to 
])hysics,  1 

Circuit,  divided,  366 
Circular  measurement,  unit 
of.  14 

Cistern  error,  91 
Clinical  thermometer,  117 
Coal,  heat  of  combustion,  of, 
190 

Cocaine,  electrolytic  adminis¬ 
tration  of,  340 
Coercive  force  of  steel,  310 
Cohesion  of  liquids,  77 
(toil,  Helmholtz  modification 
of,  380 

• - -  induction,  379 

- - Du  Bois-Reymond’s, 

379 

• — —  primary,  379 
- -  Ruhmkorff,  334.  382 

—  secondary,  379 
Colloids,  71 

Colour,  nature  of.  278 

- sensations,  270 

- blindness,  270 

Colours,  complementary,  279 
Combustion,  heat  of,  188 
(tommutators,  333 
Compass,  313 

Compensating  balance-wheel, 
126 

- peiidulum,  125 

Concave  lens,  249.  255 


INDEX 
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q  Coucave  lens,  determination 
!  of  focal  length  of,  263 

- - mirror,  229,  233 

d  Condenser,  electrical,  300 

-  - - -  for  distillation,  174 

-  - - ^  in  Rulimkorff  coil,  383 

- - Liebig’s,  174 

-  - -  spiral,  174 

4  - -  capacity  of,  unit  of,  306 

oi  Conduction  of  electricity,  290 
- - of  heat,  136,  410 

3  Conductivity,  to  heat,  of 

liquids,  139 

- - of  solids,  137 

I  Conductors  of  electricity,  291 

- - in  parallel  circuit, 

359 

4  - - resistance  of,  341 

4  - - — —  measurement 

I  of,  354 

I  -  of  heat,  137 

I  Conjugate  foci,  234 
I  Conservation  of  energy,  law 
1  of,  26 

I  Constant,  galvanometer,  353- 

I  -  of  gravitation,  48 

I  Constant-volume  air  thermo- 
j  meter,  134 

I  Continuous  spectrum,  271 
I  Convection,  141 
I  Convex  lens,  249 
I  - determination  of  fo¬ 

cal  length  of,  261 

- - -  mirror,  231,  235 

Copper  as  heat  conductor,  137 
Coulomb.  339 
Couple,  46 

Coupling  of  electrical  cells,  343 
Critical  angle,  244 

i  - - of  diamond,  246 

4 - - —  of  glass,  246 

I - of  water,  246 

I  -  point  in  temperature,  191 

Cryophorus,  174 
1  Crystalloids,  71 
I  Cubic  centimetre,  definition  of, 
6 

Current,  alternating,  340,  378 

-  continuous,  324 

-  direction  of,  in  cell,  326 

- -  divided,  366 

- effect  of.  on  magnetic 

i  needle,  347 

- extra.  381 

- -  faradic,  340 

- -  galvanic,  324 

■  -  -  high-frequency,  304 

- induced,  340,  373 

- interrupted,  340,  378 


Current,  measurement  of,  337, 
347,  364 

- -  thermal  effects  of,  368 

- unit  of,  338,  352 

Cyclone,  91 
Cystoscope.  238 


D 

Daltonism,  269 
Daniell  cell,  327,  329,  342 
Daniell’s  hygrometer,  178 
Declination,  magnetic,  312 

- - -  table  of  variations 

in,  313 

- -  needle,  313 

Degree,  14 

Delezenne’s  circle,  375 
Density,  47,  53 

-  absolute,  54 

- -  definition  of,  54 

— —  of  water,  maximum,  53 

-  relative,  53,  54,  55 

Deviation,  276 

- minimum,  276 

Dew,  formation  of,  176 
Dewar  and  liquefaction  of 
gases,  191 

Dewar’s  vacuum  cup,  146 
Dew-point,  176 
Dextro-rotation,  283 
Dialysis,  73 

Diamagnetic  substances,  310 
Diathermanous  substances,  143 
Diffusion,  70 

- of  gases,  75,  407 

- of  solids,  70 

Dines’  hygrometer,  178 
Dioptre,  260 
Dip  circle,  320 

- needle,  313.  375 

Direct-vision  spectroscope,  275 
Discharge,  electric,  384 

- -  oscillating,  304 

Dispersion  of  light,  269 
Displacement  method  of  de¬ 
termining  suecific  gravity, 
60 

Distillation,  173 
— —  under  reduced  pressure, 
175 

Divided  circuit,  366 
Double  refraction,  279 
Dry  cell,  331 

Du  Bois-Eeymond  induction 
coil,  379,  381 

Dumas’  vapour  density  ap¬ 
paratus,  66 
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Dynamics,  18 

Dynamo,  principle  of,  375 

Dyne,  21 

E 

Earth  as  a  magnet,  312  . 

Ebullition  (see  Boiling-points) 
Echo,  determination  of  dis¬ 
tance  by,  205 

Elasticity,  coefficient  of,  202 
Electric  lamps,  incandescent. 
104 

Electrical  commutator.  333 
- determination  of  tem¬ 
peratures,  119 

-  induction,  288,  373 

- keys,  331 

—  machine,  296 
-  reverser,  333 

■  -  -  treatment,  machines  used 
for,  298 

Electricity  by  chemical  action, 
324 

-  by  friction.  286 

-  by  induction,  288,  373 

—  -  conduction  of,  290 

-  conductors  and  non-coti- 

ductors  of,  291 

—  current,  324 

- faradic,  340 

- galvanic,  324 

- on  surfaces  of  various 

shapes,  293 

-  opposite  kinds  of,  287 

-  potential  and  quantit.y 

of.  294 

- ^static,  286 

—  voltaic,  324 

Electro  -  chemical  equivalent, 
338 

Electrodes,  326 

Electrolysis,  applications  of, 
337 

- equivalent  weights  of  ele¬ 
ments  liberated  during, 
337 

- of  copper  sulphate,  335 

- of  potassium  iodide,  335 

- of  sodium  sulphate,  336 

Electrolyte,  325 
Electrolytic  theory  of  solu¬ 
tions,  340 

Electro-magnetism,  372 
Electro-magnets,  377 
Electrometer,  capillary.  367 
Electromotive  force,  342 

- measurement  of,  364 

Electromotor,  377 


Electrons,  384 

-  negative  charge  on,  384 

Electrophorus,  295 
Electroscope,  gold-leaf.  289 
Electro-therapeutics,  293,  298, 
304,  325,  340,  344,  354,  368, 
382 

Element,  chemical,  1 

-  physical,  1 

Elements,  magnetic,  316 
Endless  gallery,  228 
Energy,  25 

-  conservation  of,  26 

-  kinetic,  24,  25 

-  potential,  25 

- — —  radiant,  143 
Equilibrium,  32 
Equivalent  weights  of  ele¬ 
ments  liberated  in  electro¬ 
lysis,  337 
Erg,  28 

Ether  and  light.  214 
E  V  a  p  o  r  a  tion  distinguished 
from  ebullition,  167 
Exercises,  17,  29,  46,  69,  81,  106, 
120,  135,  148,  165,  181. 
193,  213,  238,  268.  285, 
306,  323,  346.  371,  387 

-  answers  to,  388 

Expansion,  121 

- of  gases,  131 

-  of  liquids,  absolute,  128 

- apparent,  127 

- -  of  solids,  cubic,  124 

- coefficients  of,  for 

various  substances, 
123 

- linear,  121 

- - — -  square,  123 

- -  of  water,  anomaly  of,  131 

Extension,  2,  50 
Extra  current,  381 


F 

Fahrenheit  scale,  112,  437 
Farad,  306 
Faraday,  a,  339 
Faraday’s  butterfly  net,  291 
— —  laws  of  electrolysis,  338 
Faradic  current,  379 
Faradism,  382 
Faradization,  379 
Fault  in  a  cable,  determina¬ 
tion  of  position  of,  345 
j  Finsen  light,  272 

Fizeau's  determination  of  ve¬ 
locity  of  light,  267 
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Fleuss  air  pump,  102 
Fluid,  perfect,  61 
- —  transmission  of  pressure 
in,  82 

Focal  length,  250,  261,  263 
Focus,  conjugate,  234 

• -  principal,  229 

- tube,  384 

Food,  energy  value  of,  190 

- fuel  value  of,  190 

-  heat  of  combustion  of,  189 

Foot-pound,  27 
Foot-poundal,  27 
Force,  18 

■  - definition  of,  19 

- -  electromotive,  342 

■  -  lines  of.  309 

- - pump,  97 

- -  units  of,  20 

Forces,  composition  of,  33 
-  parallel,  45 

- parallelogram  of,  34 

—  resolution  of,  34 
— —  triangle  of,  34 
Fortin’s  barometer,  92 
Foucault’s  determination  of 
velocity  of  light,  267 
Franklin  obtaining  sparks 
from  a  thunder-cloud,  299 
Fraunhofer’s  lines,  277 
Freezing  machines,  175 

- mixtures,  156 

- point  of  water,  114 

Frequency,  197 
Friction,  35 

-  coefficient  of,  36 

- sliding,  laws  of,  37 

Frictional  electricity,  286 
Fuel  value  of  food,  190 
Fusion,  150 

G 

Galileo’s  telescope,  258 
Galvanic  cautery,  344,  368 

-  current,  324 

electricity,  280 

Galvani’s  experiments  with 
frogs’  legs,  324 
Galvanism,  325 

-  in  medical  practice,  325 

Galvanometer,  347 

-  constant,  353 

• -  D’Arsonval,  352 

- dead-beat,  374 

-  moving-coil,  352,  377 

- reduction  factor  of,  353 

- reflecting,  351 

— -  sine,  350 


Galvanometer,  suspended  coil, 
352 

- tangent,  349 

Gases,  determination  of  speci¬ 
fic  gravities  of,  65 

- diffusion  of,  75 

- expansion  of,  l6l 

- -  coefficient  of,  131 

- laws  regulating,  132 

■ - —  pressure  and,  133 

-  form  and  volume  of,  52 

- liquefaction  of,  191 

- specific  heats  of,  deter¬ 
mination  of,  164 

- volumes  of,  52 

Gastroscope,  238 
Gauss,  A  and  B  positions  of, 
318 

Gay-Lussac’s  law,  132 
Geissler  tubes,  384 
Gel,  72 

German  silver  as  heat  conduc- 
'tor,  137 

Gilbert.  William,  286 
Glaisher’s  factors,  180,  429 
Glass  and  radiant  heat,  147 

- expansion  of,  128 

Glauber’s  salt,  156 
Glycerin  barometer,  95 
Gold-leaf  electroscope,  289 
Graham  and  colloids,  71 
Graham-Bell  telephone,  377 
Graham’s  law  of  diffusion,  75 
Gramme,  5 

Gramme  -  degree  -  centigrade 
unit  of  heat,  151 
Graphic  representation  of 
forces  and  velocities,  29 
Gravesaude  ring,  109 
Gravitation,  constant  of,  48 
units,  21 

Gravity,  centre  of,  31 

- specific  (see  Specific 

gravity) 

Grease-spot  photometer,  219 
Gridiron  pendulum,  125 
Grove  cell,  328,  342 


II 

Hare’s  apparatus,  64 
Heat,  107 

— -  absorption  of,  144.  411 
- -  and  work,  relation  be¬ 
tween,  183 

- conduction  of,  136,  410 

— ^ —  convection  of,  141 
-  dark,  147 
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Heat,  estimation  of,  149,  152 

- latent,  150,  157,  411 

- light,  147 

- mechanical  equivalent  of, 

detei'mination  of,  183 

-  natxire  of,  107 

-  --  of  combustion,  188 

- of  coal,  190 

- -  of  food,  189 

-  of  formation,  188 

- quantity  of,  108 

- radiant,  analogy  of,  to 

light,  143,  146,  410 

- specific,  158,  412 

- determination  of,  160 

- of  various  sub¬ 
stances,  160 

- transference  of,  136 

- -  units  of,  150 

Heating  effects  of  currents, 
363,  368 

Helmholtz  modification  of  coil, 
380,  382 

Hertz  waves,  305 
High-frequency  current,  304 
Hope’s  experiment,  131 
Horse-power,  28 

-  electrical,  28 

Humidity,  relative.  177 
Hydraulic  press,  84 
Hydrometers,  60,  62 
Hydrostatics.  47 
Hygrometer,  Daniell’s,  178 
^  -  Dines’,  178 

- Regnault’s,  179 

— - —  wet  and  dry  bulb,  179 
Hygrometry,  175 
Hypotenuse,  16 
Hyi:)Someter,  111 


-I 

Iceland  spar,  refraction  of 
light  by,  279 
Illuminating  power,  217 
Illumination,  intensity  of,  217 
Images  by  concave  lens,  221 

- -  mirror,  229,  233 

- by  convex  lens,  218 

■  - - mirror,  231,  235 

- by  pin-hole,  228 

■  -  by  plane  mirror,  221,  225 

- by  reflection,  225 

-  real,  234 

- virtual,  225 

Incandescent  electric  lamps, 
104 

Incidence,  angle  of,  220 


Inclination,  magnetic.  313 

- - table  of  variations 

in,  316 
Inclined  plane,  41 
Index  of  refraction,  211 
Induction.  288,  373 

- by  currents,  379 

—  coil,  Du  Bois-Reymond, 
381 

- - Helmholtz  modifica¬ 
tion  of,  38'0,  382 

- - Ruhmkorfl,  382 

Inertia,  19 
Infra-red  rays,  272 
Ingeiihousz  trough,  138 
Insulators,  290 

Intensity  of  illumination,  217 
Interference  between  sound- 
•  waves,  212 

Interrupted  current,  340,  378 
Inverse  squares,  law  of,  50,  216 
Ionization,  340 
Ions,  340 

Tsobaric  lines,  90 
Isothermal  conditions,  184,  203 


J 

Joule,  J.  P.,  determination  of 
mechanical  equivalent 
of  heat  by,  185 

- (unit),  28 

Joule’s  equivalent,  187 


K 

Kaleidoscope,  228 
Kataphoresis,  340 
Kathode, ^  326 

- -  rays';  384 

Kations  335 
“  Kew  certificate,”  114 
Key,  331 

-  bell-push,  332 

-  burglar  alarm,  332 

-  Du  Bois-Reymond,  331 

Kilogramme,  5 
Kilometre,  4 
Kinematics,  7 
Kinetic  energy,  24,  25 
Kinetics,  18 


L 

Lactometer,  62 
Lmvo-rotation,  283 
Land  and  sea  breezes,  141 
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Laryngoscope,  236 
Latent  heat,  150.  157,  411 

•  - -  definition  of,  157 

- - of  fusion,  150 

- -  - - -  of  ice,  150,  152,  154 

- of  steam,  157,  411 

Latimer-Clark  cell,  330,  342 
Lavoisier  and  Laplace’s  deter¬ 
mination  of  specific  heat, 
161 

Law  of  Boyle  and  Mariotte, 
105,  403 

- of  Charles  and  Gay- 

Lussac,  115 

- of  inverse  squares,  50,  216 

- of  sines,  24l 

liaws  of  electrolysis,  338 

- of  motion,  19,  28,  48,  374 

- of  refiection,  220 

-  of  refraction,  241 

Lenard  rays,  385 

Length,  measurement  of,  391 

- unit  of,  4 

Lens,  Stanhope,  253 
Lenses,  249 

- combination  of,  255 

- concave,  249,  255 

- determination  of  fo¬ 
cal  length  of,  263 

•  - convex,  249,  250 

- — —  determination  of  fo¬ 
cal  length  of,  261 

- distinguishing  between 

convex  aad  concave,  263 

- magnifying  power  of,  256, 

265 

— ^ —  meniscus,  250 
— ~  optical  centre  of,  249 
Lenz’s  law,  373,  375 
Leslie’s  air  thermometer,  109 

- cube,  144 

Lever,  38 

Levers,  orders  of,  39 
Leyden  jar,  302 

- - - - duration  of  spark 

in,  304 

— - -  velocity  of  discharge 

of,  304 

T.iebig  condenser,  174 
Lift  pump,  96 
Light.  214,  413 

-  aberration  of,  266 

- analogy  of,  to  radiant 

heat,  143,  146 

- -  decomposition  of,  269 

- -  dispersion  of,  269 

-  illuminating  power  of, 

measurement  of,  218 

- medical  applications  of, 

272 


Light,  rate  of  vibration  of,  214 

- recomposition  of,  271 

- red,  214 

- reflection  of,  215 

-  refraction  of,  239 

—  - double,  279 

- velocity  of,  214,  265 

- methods  of  deter- 

m  i  n  i  n  g, 
266 

- - Bradley’s, 

266 

- - -  -  F  i  z  e  a  u's, 

267 

- — -  —  ^  -  Foucault’s, 

267 

-  --  Roemer’s, 

266 

-  violet,  215 

- year.  5 

Lightning  conductors,  300 
Linde,  and  liquefaction  of 
gases,  192 

Linear  expansion,  121,  408 
Lines  of  force,  309 
Ivippmann’s  electrometer.  367 
Liquefaction  of  gases,  191 
Liquids,  3 

- -  as  heat  conductors,  139 

-  cohesion  of,  77 

- determination  of  specific 

gravities  of,  62 

- expansion  of,  126 

- to  find  coefficients  of. 

127 

- in  closed  tubes,  flow  of,  84 

- specific  heats  of,  deter¬ 
mination  of,  164 

- surface  tension  of,  77 

- viscous,  51,  52 

-  volume  and  form  of,  51 

Litre,  6 
Lodestone,  307 
Long  sight,  259 
Loudness  of  a  note,  198 


M 

Magic  lantern,  258 
Magnet,  307 

- earth  as  a,  312 

- effect  of  breaking,  310 

- —  of.  On  coil  of  copper 

wire,  373 

- lines  of  force  of,  308 

- moment  of,  318 

Magnetic  declination,  312 

- effects  of  currents,  372 

-  elements,  316 


INJ)EX 


ilG 


Magnetic  field,  309 

- force,  horizontal  coinpon- 

ent  of,  313 

- - -  total,  315 

— —  - - vertical  component 

of,  315 

- inclination,  313 

-  induction,  309. 

—  needle,  declination  of,  312 

- effect  of  current  on, 

347 


■ - inclination  of,  314 

- poles,  312 

Magnetometer,  317 
Magnifying  glass,  255 

- -  power  of  lens,  265 

Mass  and  weight,  difference 
between,  50.  54 

-  unit  of,  5 

Matter,  forms  of.  2,  50 
-  molecular  composition  of, 

-  53 

- - properties  of,  2,  47 

— - - chemical,  3 

- physical,  2,  3 

- science  of,  1 

Maximum  density  of  water,  53 
Measurement,  circular,  14 

-  of  area,  398 

- of  conduction  for  heat, 

138 

- of  current,  337,  347,  364 

- of  electromotive  force,  364 

- of  illuminating  power,  218 

- of  length,  391 

- of  radius  of  curvature  of 

convex  lens,  396,  397 
-  of  resistance,  354 

-  -  of  thickness  of  cover- 

glass,  394 

- - of  volume,  399 

— —  units  of,  3 
Measuring-flasks,  401 
Mechanical  advantage,  38 

-  eciuivalent  of  heat,  183 

- - determined  by 

Joule,  185 

_  _  —  from  expan- 

si  o  n  of 
air,  185 


-  powers,  38 

Medical  applications  of  elec¬ 
tricity,  298,  304,  325, 
340,  368 

- - of  light,  272 


Megadyne,  89  .  x- 

Melting  -  point,  determination 
of,  155.  409 

Meniscus  lens,  250  (Fig.  253) 


Mercui'y,  expansion  of,  abso¬ 
lute,  130 

- - apparent,  128 

- vapour  lamp,  273 

Metals  as  heat  conductors,  137 
Metric  ton,  6 

Meyer’s  vapour  density  ap¬ 
paratus,  67 
Mho,  362 
Microfarad,  306 
Micrometer  screw,  394 

-  stage,  256 

Micrometre,  5 
Micromillimetre,  5 
Micron,  5 

Microscope,  compound,  255 
Mil,  5,  6 

Milliammeter,  354 
Milliampere,  338 
Millilitre,  6 
Milli-millimetre,  5 
Minimum  deviation  of  prism, 
247,  419 
Mirage,  246 

Mirror,  concave,  229,  233 

- convex,  231,  235 

- inclined,  227 

— —  plane,  221,  225 
Mirrors,  parallel,  228 
Moisture  in  air,  determination 
of,  by  hygro¬ 
meters,  177 

- - - direct,  181 

Molecular  composition.  25,  53 
Moment  of  magnet,  318 
Momentum,  12 
Motion,  7 

-  laws  of,  19,  28,  374 

- various  kinds  of,  12 

Mountain,  determination  of 
height  of,  by 
barometer,  91 

_ by  boiling-point 

of  water,  170 
Musical  intervals,  199 
Myopia,  260 


N 

Natural  sines  and  tangents. 
432 

Needle,  astatic,  350 

-  declination,  313 

-  dip,  313 

-  magnetizing  a,  313 

Negretti’s  maximum  thermo¬ 
meter,  117 
Nernst  lamp,  368 
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Neutral  point,  319,  370 
Newton,  19,  112 
Nicholson’s  hydrometer,  60,  62 
Nicol  prism,  281 
Nodes,  198 

Noise  and  music,  208 
“  Non-conductors  ”  of  heat, 
137,  138 

North  pole,  magnetic,  312 
Note,  intensity  of  a,  198 

-  pitch  of  a,  197 

-  quality  of  a,  209 


O 

Ohm  (unit),  342 
Ohm’s  law,  343 
Opaque  bodies,  216 
Opera  glass,  258 
Ophthalmoscope,  237 
Optical  bench,  261 

-  centre  of  lens,  249 

Optically  active  substances, 
283 

Organ  pipes,  production  of 
sound  in,  2(19 
Oscillating  discharge,  304 
Oscillation,  13 

-  method  of,  402 

Osmosis,  74 
Osmotic  pressure,  74 
Overtones,  209 

Oxygen,  liquefaction  of,  192 


P 

Palladium  wire,  387 
Papin’s  digester,  172  i 

Parallax,  determining  posi¬ 
tion  of  image  by,  223,  416 
Parallel  circuit,  conductors  in, 
359  ! 

■ - coupling  cells  in,  343  j 

-  forces,  45  ' 

Parallelogram  of  forces,  34  | 

Paramagnetic  substances,  310  j 

Pascal,  82  I 

Pascal’s  principle,  82  ' 

Peltier  effect,  371  | 

Pencils  of  light  rays,  216  ! 

Pendulum,  oscillation  of,  14,  I 

49 

-  compensating,  125 

- seconds,  49 

-  simple,  49 

Penumbra,  220 

Period,  14  i 


Pfeffer’s  experiments  on  os¬ 
motic  pressure,  73 
Philipps’s  maximum  thermo¬ 
meter,  117 

Photometer,  Bunsen,  219 

-  shadow,  218 

Physico-therapeutic  methods, 
272,  293,  298,  304,  325,  340, 
368 

Physics,  definition  of,  3 
7-^ —  practical,  391 
Pictet,  and  liquefaction  of 
oxygen,  192 
Pin-hole  camera,  228 
Pipette,  401 
Pitch  of  a  note,  197 
Platinum  as  heat  conductor, 
137 

Pneiimatics,  82 
Polariscope,  282 
Polarity  of  magnet,  311 

-  reversed,  322 

Polarization,  327 

- how  avoided,  327 

-  of  light,  279 

Poles  of  a  battery,  326 

- of  a  magnet,  307 

Positive  electricity,  287 
Post-office  box,  357 
Potential,  294 

-  energy,  25 

Potentiometer,  364 
Pound,  5 
Poundal,  20 

Pound-degree-Fahrenheit  unit 
of  heat,  151 
Power,  28 

- horse-,  28 

- —  electrical,  28 

- of  lens.  256 

Powers,  mechanical,  38 
Presbyopia,  260 
Pressure.  28 

- atmospheric,  87 

- fluid,  56 

- - -  on  immersed  sur¬ 
face,  56 

- gaseous,  measurement  of. 

403 

-  osmotic,  74 

- vapour,  167,  427,  428 

- vertical,  in  fluids,  56 

Primary  batteries,  325 
Principal  axis  of  lens.  250 

- of  mirror,  229 

-  focus  of  lens,  250 

- - — —  of  mirror,  229 

Prism,  determining  angle  of, 
416 
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l-'risai,  diepersioii  by,  271 

-  minimum  deviation  of, 

247 

- Niool,  281 

- refraction  through,  247 

—  total  reflection  by,  246 
Proof  plane,  292 
Propagation  of  heat,  136 

—  of  sound.  194 
Properties  of  matter,  2,  47 
Pulley,  42 

Pulleys,  systems  of,  43 
Pump,  air,  100 

- - -  bicycle.  100 

Fleuss,  102 

- Sprengel,  103 

- Tate,  101 

—  -  force,  97 

-  lift,  96 

Pyknometer,  64 


Q 

Quality  of  a  note,  209 
Quantity  of  electricity,  294 
--  of  heat,  107 
- of  motion,  12 


n 

Radian,  14 

Radiant-heat  ])ath,  272 
Radiation  of  heat,  143,  410 

- of  light,  214 

Radiographs,  387 
Rainbow.  279 
Range  of  audibility,  208 
Rays,  infra-red,  272 

■  - kathode,  384 

- Lenard,  385 

■  - of  light,  216 

■  -  Rontgen,  385 

■  - ultra-violet,  272 

-  X-.  385 

Reaumur  scale,  113 
Red  light,  214 

Reflecting  galvanometer,  351 
Reflection,  angle  of,  220 

- bv  inclined  mirrors,  227 

- by  parallel  mirrors,  228 

-  -  laws  of,  220 

- proof  of,  221 

-  total,  246 

Refraction,  239 

- double.  279 

- index  of,  241 

- -  laws  of,  241 

Regnault’s  determiimtion  of 
specific  heat,  161 


Regnault’s  hygrometer,  179 
Relative  density,  53 
Resistance,  341 
— —  coils,  354 

-  determination  of,  345,  354 

-  thermal  effects  of,  368 

- unit  of.  342 

Resistivity,  341 

-  table,  341 

Resonance,  206 
Return  shock.  300 
I  Reversers,  333 
Rheostat,  354 
Rigidity,  47,  51 

Rock  salt  and  radiant  heat, 
146 

Roemer’s  determination  of 
velocity  of  light,  266 
Rontgen  rays,  385 
Rotation,  dextro-  and  leevo-, 
283 

- motion  of,  13 

- specific,  283 

Ruhmkorff  coil,  382 
Rumfoikl,  Count,  and  mechani¬ 
cal  equivalent  of  heat,  183 
Rumford’s  ])ht>tometer,  218 
Rutherford’s  maximum  and 
minin'! nm  thermometer,  116 


S 

Saccharimeter,  284 
“  Safety  lamp,”  138 
Scale,  ratio  of  vibrations  of 
notes  of,  199 

Scales,  thermometrical,  con¬ 
version  of,  437 
Screw.  42 

-  micrometer,  394 

Sea  and  land  breezes,  141 
Second.  6 

Secondary  batteries,  339 
Self-luminous  bodies,  215 
Series,  coupling  of  cells  in,  343 
Shadow  photometer,  218 
Short  sight,  258 
Shunts,  361 

Silver  as  heat  conductor,  137 
Sines,  law  of,  241 

- -  table  of,  432 

Siphon,  98 

- barometer.  94 

Six’s  thermometer.  115 
Sledge  type  of  coil,  379 
Sliding  friction,  laws  of,  37 
Smee  cell,  327 
Snell’s  law  of  sines.  241 
■ - - proof  of,  241 
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Solar  day,  6 

— —  spectrum,  272,  277 

Solenoid,  304 

Solid,  perfect,  51 

Solids  as  lieat  cou  due  tors,  136 

- determination  of  specific 

gravities  of,  55 

- diffusion  of,  70 

- expansion  of,  cubical,  124 

- -  linear,  121 

- superficial,  123 

■  - in  solution,  diffusion  of, 

70 

- liquids,  and  gases,  3,  50, 

51 

— —  specific  heats  of,  deter¬ 
mination  of,  160 

- volume  and  form  of,  50 

Sonometer,  201 
Sound.  194 

■  -  air  and,  201 

- - and  vibration,  195 

-  wave,  194 

- —  motion  of,  196 

- velocity  of,  201 

- determination 

of,  178 

- - - effect  of  tem¬ 
perature  on, 
203 

- in  various  me¬ 
dia,  201 

Speaking-tube,  197 
Specific  gravity  bottle,  59 

- definition  of,  54 

- ^ -  of  gases,  65 

■ — - - of  liquids,  62 

- of  solids,  55 

- - - heavier  than 

water,  58 

- in  fragments,  59 

- insoluble  in 

water,  58 

- - lighter  than 

water,  59 

- - soluble  in  water, 

60 

- of  vapours,  66 

- heat,  158,  412 

- determination  of,  by 

Black,  161 

- by  Bunsen,  163 

- l3y  Lavoisier  and 

Laplace,  16J 

- by  method  of 

cooling,  j6q 

- — — - of  mixtures, 

161 

- - by  Kegnault,  161 


Specific  heats  of  various  sub¬ 
stances,  160 

- relation  of,  to  atomic 

weights,  160 

- rotation,  283 

Spectrometer,  275 
Spectroscope,  274 
Spectrum  absorption,  273 

- continuous,  271,  273 

— — ■  -  a  b  s  o  r  p  tion  of,  by 

coloured  solutions, 
277 

- emission,  278 

-  line,  273 

-  solar,  272,  277 

Spherometer,  395 
Spiral  condenser,  174 
Sprengel  air-pump,  103 

-  specific-gravity  tube,  64 

Stage  micrometer,  256 
Stanhope  lens,  253 
Statics,  18,  31 
Storage  cells,  339 
Strings,  vibrations  of,  198 
Submarine  cables  as  Leyden 
jars,  305 

Sun,  spectrum  of,  272,  277 
Surface  tension,  77 
Swing-swang,  14 


T 

Table  spectroscope,  274 
Tangent  galvanometer,  349 
Tangents  of  angle,  16 

- table  of,  432 

Tate’s  air-pump,  101 
Telegraphy,  305 

- wireless,  305 

Telephone,  377 

Telescope,  astronomical,  257 

— —  Galileo’s,  258 

-  terrestrial,  258 

Temperature,  107 

- absolute,  132 

- determination  of  (see 

Thermometer) 

-  error,  93 

Temperatures,  various,  119 
Tension,  28 

- surface,  77 

Tenth-metre,  5 
Terrestrial  magnetism,  312 
Therapeutic  applications  (see 
Physico  -  therapeutic  me¬ 
thods) 

Thermal  effects  of  currents, 
368 
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Thermo-electric  iuvcrsion,  370 
Thermodyuamics,  183 
Thermometer,  108 
-  air,  118 

—  clinical,  117 

—  construction  of,  109 

- -  delicacy  of,  115 

filling,  110 

- fixed  points  of,  111 

^ —  for  temperatures  above 
boiling  -  point  of  mer¬ 
cury,  118 

~  -  gradation  of,  110 
Leslie’s  air,  109 

-  maximum  and  minimum, 

116 

Negretti’s,  117 
Philipps’s,  117 

-  registering,  115 
Rutherford’s,  116 

- scale.  Centigrade,  113 

- Fahrenheit’s.  112 

- Newton’s,  112 

- -  Reaumur’s,  113 

- scales,  conversion  of,  114 

-  sensitiveness  of,  115 

- Six’s,  115 

- verification  of.  111 

— -  weight,  128 
Thermopile,  370 
Thomson  effect,  371 
Thunderstorms,  299 
Timbre  of  a  note,  209 
Time,  unit  of,  6 
Ton,  English,  6 

- metric,  6 

Torricellian  vacuum,  88 
Torricelli’s  law,  85 
Total  reflection,  246 
’frade  winds,  142 
Transference  of  heat,  136 
Transformers,  383 
Translation,  motion  of,  13 
Translucent  bodies,  216 
Transmission  of  pressure  in 
fluid,  82 

Transparent  bodies,  216 
Triangle  of  forces,  34 
Tuning-fork,  vibration  of,  195 
- - - -  rate  of,  205 


U 

Ultra-violet  rays,  272 
Umbra.  219 

Unit,  Board  of  Trade.  363 

-  British  thermal,  151 

-  of  acceleration,  10 


Unit  of  angular  measurement, 
14 

- of  capacity  of  condenser, 

306 

- of  circular  measurement, 

14 

- of  current,  338,  352 

- of  length,  4 

- of  mass,  5 

- of  momentum,  12 

—  of  resistance,  342 
of  time,  6 

-  of  velocity,  8 

Units,  3 

- astronomical,  5 

- O.G.S.,  4,  29,  352 

derived,  7 

—  electrical,  338,  342,  352 

-  —  fundamental,  4 

'  gravitation,  21 

- of  force,  21 

- of  heat,  151 

-  of  work,  27 

- table  of,  29 

Uriiiometer,  62 
Uviol  lamp,  273 


A''acuum  vessel,  146 
\''apour  density  determination, 
Dumas’.  66 

- Victor  Meyer's, 

67 

- pressure,  167 

- of  alcohol,  170 

- - -  of  water,  148,  170,  427 

Variations  in  atmospheric 
pressure,  89 
Vectors,  35 

A^elocities,  composition  and 
resolution  of,  35 
A^elocity,  average,  8 

- definition  of,  7 

—  of  light,  214.  265 

- of  sound,  201 

- uniform,  8 

- -  unit  of,  8 

- variable,  9 

Vernier,  391 
A’ibration,  14,  195 
Victor  Meyer  method  of  de¬ 
termining  vapour  density, 
67 

Violet  light,  215 
AUrtual  image,  225 
A^iscosity,  47 
Volt,  342 
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Voltmeter,  364 
Voltaic  cell,  325 

- pile,  324 

Voltameter,  337 

Volume,  measurement  of,  599 

Vulcanizer,  dental,  172 

W 

Water,  anomalous  expansion 
of,  131 

- - - far-reaching  ef¬ 
fects  of,  131 

- boiling-point  of,  114,  170 

- freezing-point  of,  114 

- hot,  circulation  of,  in 

domestic  supply,  140 

-  maximum  density  of,  53 

-  of  crystallization,  156 

-  pumps,  96 

-  -  vapour,  pressure  of,  148, 
170,  427 

Watt  (unit),  28 

Wave  motion  of  sound,  196 

Wave  lengths  of  light,  214 

- -  of  sound,  196 

Weighing  in  water,  method 
of,  58 

Weight.  2,  47 

— —  and  mass,  difference  be¬ 
tween,  50,  54 


Weight  thermometer,  128 
Wells,  Dr.,  and  formation  of 
dew,  176 

Wet  and  dry  bulb  hygrometer, 
179 

Wheatstone  bridge,  355 
Wheel  and  axle,  40 

- barometer,  94 

Wimshurst  machine,  296 
Wireless  telegraphy,  305 
Wollaston’s  cryophorus,  174 
Wood’s  fusible  metal,  156 
Work,  27 

-  and  heat,  relation  be¬ 
tween,  183 
units  of,  27 


X 

X-rays,  385 


y 

Yard,  definition  of,  4 


Z 

Zero,  absolute,  132 
- - calorie,  151 
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